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PROVISIONAL APPLICATION FOR PATENT 
INVENTORS : JAMES F. LE ARY, TARL W. PROW 

TITLE: MOLECULAR PROGRAMMING OF NANOPARTICLE SYSTEMS 

FOR AN ORDERED AND CONTROLLED SEQUENCE OF 
EVENTS FOR GENE-DRUG DELIVERY 

SPECIFICATION 

FIELD OF THE INVENTION 

The present invention relates to the delivery of one or more drugs to an organism. More 
particularly, the present invention relates to a nanoparticle system for a selective delivery of the 
drugs. 

BACKGROUND OF THE INVENTION 

Usually targeted delivery of drugs or genes to a cell only concerns itself with the first 
stage of targeting to the cell surface. But that is only the first stage of a multi-stage process of 
drug-gene delivery which must occur in a controlled sequence to be successful and/or effective. 
There must also be a multi-step intracellular molecular targeting process. These drugs or genes 
must survive the different intracellular microenvironments on the way to their site of action 
within the cell and must be guided by physical or molecular mechanisms to the site of action 
within a cell. Since delivery of a drug to a cell in-vivo is a "rare-event", there must be error- 
checking within the system in addition to the molecular targeting since it is difficult or 
impossible to not make mistakes in targeting. In order to perform a controlled drug or gene 
delivery inside single living cells, it is necessary to have feedback control in the drug-gene 



delivery system. There are many ways to accomplish this. One way is through the use of 
molecular biosensors which are connected to the nanosystems. These biosensors can not only 
sense targets but also respond in feedback loops to the relative amount of cellular molecular 
responses to the drug or gene delivery. Since it is difficult to deliver enough drug or gene 
therapy contained in or on the nanoparticle, the idea is to send nanoparticles containing the 
molecular machinery (e.g. gene sequences that can be transcribed by the host cell or enzymes) 
for reorganizing or synthesizing therapeutic molecules from raw materials within the cells. 

Competing systems have only gone as far as use of initial targeting molecules on 
nanoparticles and further refinements in encapsulation of drugs or genes. The concept that 
nanodelivery of drugs or genes is a multistep process that must be done in a controlled sequence 
of events, including error-checking, intracellular positioning and feedback control is not obvious 
to those with ordinary skill in the art working in this area. 

Therefore, there remains a need for such a system and process. 

SUMMARY OF THE INVENTION 

The present invention provides method, apparatus, and system to produce multifunctional 
and multi-step nanoparticle systems that follow a predictable and well defined sequence of 
events ("molecular programming") as laid out by a molecular chain of events. These events 
include, but are not limited to, events such as initial cell targeting, facilitation of cell entry, 
intracellular re-targeting, intracellular anchoring to the site of drug/gene delivery, drug or gene 
delivery, and controlled delivery of the drugs or genes within single cells through feedback loops 
facilitated by molecular biosensors and other molecules. 



In one or more embodiments, the invention can provide: 

A multifunctional and multi-step nanodelivery system consisting of targeting molecules, 
entry facilitating molecules, re-targeting molecules, anchoring molecules, drugs or genes that are 
either driven or controlled through molecular biosensor feedback loops for controlled drug-gene 
delivery 

A nanodelivery system with molecular error-checking based on desired or permissible 
Boolean logic conditions (based on presence or absence of specific molecules on or within the 
cell) to reduce false positive targeting which then lowers undesired, adverse bystander side 
reactions 

A nanosystem having molecules that use, create or reorganize molecules already within 
individual living cells such that a single nanoparticle can manufacture enough drugs or genes to 
have a therapeutic response. This can solve the problem of how to deliver enough drugs or genes 
to single cells in-vivo to achieve therapeutic value. 

A nanosystem that positions itself at the active site of importance for subsequent drug- 
gene delivery within a single living cell through the use of localization or anchoring sequences. 

A nanosystem that uses feedback loop molecules, such as molecular biosensors, to 
provide for controlled drug-gene delivery in continuous response to single cell drug-gene 
delivery at earlier timepoints. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more particular description of the invention, briefly summarized above, may be had by 
reference to the embodiments thereof which are illustrated in the appended drawings of the 
documents attached to this application and described therein. It is to be noted, however, that the 



appended drawings illustrate only some embodiments of the invention and are therefore not to be 
considered limiting of its scope, because the invention may admit to other equally effective 
embodiments. 

The figures are described below at each relevant point of the disclosure with cross 
references to other figures. 

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 

Figure 1 is a schematic diagram of the present invention illustrating the targeted 
programmed sequence of events that can be used in conjunction therewith. The use of a 
programmed sequence of events, including Boolean combinations of targeting molecules, re- 
targeting, intracellular localization and feedback control of drugs in nanosystems through the use 
of molecular biosensors or other molecules, and molecular error checking, is novel and 
nonobvious as an integrated nanosystem. 

1. The present invention can provide a multifunctional and multi-step nanodelivery system 
consisting of targeting molecules, entry facilitating molecules, re-targeting molecules, anchoring 
molecules, drugs or genes that are either driven or controlled through molecular biosensor 
feedback loops for controlled drug-gene delivery 

The multilayered nanoparticles are constructed in reverse "molecular programming" 
order. The innermost layers of the multilayered nanoparticle contain molecules which occur 
latest in the order of events (e.g. biosensing and drug delivery molecules). The outermost layer of 
the multilayered nanoparticle contains the events which must occur first (e.g. cell targeting and 
entry molecules). Intermediate layers may contain molecules for intermediate steps (e.g. 



intracellular localization molecular sequences for intermediate re-targeting to sites of action for 
drug/gene delivery). The process of molecular programming of nanoparticles systems involves 
layer-by-layer disassembly by any one or more of processes including, but not limited to: 
catalysis of molecules, conformational changes, protein digestion, ... The overall situation is 
depicted in Figure 1 and as described briefly in the closing paragraph 8.8.2 of the Tarl Prow 
thesis (p. 207): 
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Nanomedicine is a concept that embodies a multidisciplinary approach to 
treating disease that enables individual cells to treat themselves in response to a 
pathogenic stimuli. The goal of this dissertation was to design and test the three 
major components of nanomedicine: targeted nanoparticle gene delivery; 
pathogen activated biosensor; and inducible therapeutic genes. These 
components were to be tested individually, in vitro. To this end, three nanoparticle 
systems were developed: layer by layer, semiconductor based, and magnetic 
nanoparticles. Layer by layer constructed nanoparticles were capable of targeted 
gene delivery via sugar coated outer layers. Inner layers contained alternating 
charged species, including DNA. Non-targeted gene delivery via lipid coated 
nanoparticles was found to be more efficient, but also more sensitive to 
nanoparticle cluster size. Semiconductor based nanocrystals were used as 
fluorescent markers during targeting studies. These <20 nm particles could be 
found within cells even without targeting molecules, but targeting with arginine 
rich peptides and antibodies showed the greater cellular penetration. Magnetic 
nanoparticles were easy to purify and bioconjugate. Amplified DNA fragments 
containing a 5' biotin were easily bioconjugated to the surface of these particles 
(-50 nm). Lipid coating the DNA tethered magnetic nanoparticles greatly 
facilitated transfection. Gene expression from these nanoparticles was similar to 
transfected DNA fragments. Additional experiments demonstrated that the DNA 
tethered magnetic nanoparticle could be extracted and purified from an individual 
cell. Hepatitis C virus biosensors were able to detect and report the presence of a 
subgenomic replicon. A reactive oxygen species sensitive promoter based 
biosensor was obtained and a stable cell line produced. This cell line was found to 
be sensitive to chemical induction of reactive oxygen species. A targeted 
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ribozyme gene therapy was constructed and tested in vitro. This ribozyme was 
targeted to the hepatitis C virus internal ribosome entry site. The ribozyme 
cassette was cloned downstream of a tetracycline response element repeat. This 
construct appeared to cleave a hepatitis C virus internal ribosome entry site that 
was transcribed in vitro. Later studies with a subgenomic hepatitis C virus replicon 
showed promising results. 
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CHAPTER 1. INTRODUCTION 

1 . 1. NANOMEDICINE OVERVIEW 

The focus of this project was to develop novel platform technologies 
that can be used to treat a range of complications and diseases via gene 
directed therapy. The two major biological models that were chosen as 
vehicles for development during this project were: 1) the Hepatitis C virus 
(HCV) and 2) cellular radiation damage accumulated during long term/deep 
space missions. The approach described in this dissertation uses techniques 
which have engineered targeted nanoparticles seeking out cells that could 
possibly be affected by a particular pathology. The nanoparticles developed 
have specific molecule(s) coupled to the outer surface, thereby targeting the 
cell types potentially affected by a particular pathogen or environmental insult. 
Once bound, these nanoparticles will be able to enter the cell through 
endocytosis and degrade in a pH dependant manner within the endosome. At 
this stage endosomallytic agents will be released and will lyse the endosome, 
thereby releasing the payload into the cytoplasm. This payload will contain 
specific molecular biosensors and anti-viral or DNA repair gene therapy 
constructs (Figure 1.1). 
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Figure 1.1. Overview of nanomedicine. The 

concept of nanomedicine can be broken into 
three steps: gene delivery (A), biosensor 
detection (B), and gene therapy (C). 
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In the case of HCV, one expression product of these constructs, the 
biosensor will be targeted to the same sub-cellular location as the HCV 
translation machinery and will monitor for the presence of the HCV. Only when 
detected, the expression of an anti-HCV gene product be triggered. The 
experiments described in this dissertation will discuss how the anti-HCV 
construct is engineered to express a hammerhead ribozyme with a nuclear 
export signal which is directed to the internal ribosome entry site (IRES), a 
highly conserved region of the HCV genome which controls translation and 
viral replication. 

For the DNA repair component of this project, the aim was to develop a 
gene therapy technique which would provide increased in vivo protection 
against radiation damage to the blood and bone marrow of astronauts who 
experience long term/deep space missions. The primary goal was to develop 
an in vivo, intra-cellular DNA repair system for radiation damaged cells in 
astronauts before they progress to radiation induced leukemia. This system 
would therefore use a promoter based sensor which could detect the presence 
of reactive oxygen species (ROS). When ROS are present, the sensor would 
trigger the transcription of foreign DNA repair enzymes, which may be more 
efficient and effective than our innate DNA repair system. 
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The approaches described are advantageous for the following reasons: 
(1) these techniques have the ability to deliver genes with targeted particles 
that cannot replicate and are biodegradable; (2) the therapeutic gene 
generated can be silenced at any time by the addition of tetracycline; (3) the 
amount and duration of the gene therapy developed can be controlled without 
having to treat the individual with extremely high non-physiological doses of 
harmful drugs, as is currently administered with ribavirin/interferon therapies 
and chemotherapy for cancer; (4) the gene therapy products are only 
specifically expressed when the pathogen or radiation damage is present in 
the cell; (5) the anti-HCV treatment is highly specific for HCV, thereby 
minimizing side effects. 

The scope of this dissertation was to develop and test the individual 
components of the nanomedicine system in vitro (Figure 1.2). Nanoparticles 
capable of delivering DNA payloads were to be developed from different core 
components. Targeted delivery was secondary to the payload delivery due to 
the importance of developing an in vitro model with which to develop the 
remaining technologies. Biosensor platform technology was to be developed in 
a way that facilitates the rapid development of biosensors for other 
applications. In vitro experiments were designed to test the feasibility of a 
protease activated biosensor platform technology. A ribozyme based gene 
therapy system was proposed and later constructed. This concept was to be 
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tested with a hepatitis C virus replicon system. The overall scope of this 
dissertation was to develop and test these technologies in vitro. 
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1.2. SPECIFIC AIMS 
The three major aims of this dissertation are: 

Specific Aim 1 : To develop novel nanoparticle based gene delivery systems. 
These nanoparticles will be assessed for DNA transfer capabilities and 
biocompatibility. 

Specific Aim 2: To develop molecular biosensors which are activated in the 
presence of certain pathogen associated activities. 

Specific Aim 3: To design and construct an inducible ribozyme based gene 
therapy targeted to silence a specific mRNA. 

It was hypothesized that: 

A novel nanoparticle and biosensor system with minimal cytotoxic effects can 
be developed and tested in vitro. These systems should be able to deliver 
biosensor encoding DNA to cells in vitro. Once activated, the biosensor should 
be capable of inducing the expression of a therapeutic gene product. 



7 



1.3. 



NANOMEDICINE BACKGROUND AND SIGNIFICANCE 



This proposal is based on a novel nanomedicine concept, that each cell 
should be given the capability to induce or inhibit gene therapy depending on 
the presence of a pathogen or pathogenic processes. By tailoring specific 
gene therapies to be non-toxic, yet effective, it was hoped that a novel system 
could be created to treat HCV infection or radiation induced DNA damage 
without administering large quantities of potentially toxic chemicals. Viral 
infections are currently difficult for clinicians to detect and are usually identified 
only after irreparable damage has occurred. In diseases such as HCV 
infection and leukemia, patients are then given a variety of drug cocktails, 
which are somewhat effective, yet are highly toxic (Cripe and Hinton 2000; 
Gutfreund and Bain 2000). The side effects of this treatment ultimately result 
in poisoning of normal cells during the elimination of abnormal cells. 
Furthermore, these undesirable side effects lead to severe pain and 
debilitation in the patients, even when therapies are effective (Cripe and 
Hinton 2000; Gutfreund and Bain 2000). In both HCV infection and cancer, 
there are significant numbers of individuals in whom the infection or cancer 
relapses (Cripe and Hinton 2000; Gutfreund and Bain 2000). Therefore, there 
is now a need for a non-invasive treatment which enables the target cells to be 
detected and the particular pathology eliminated or suppressed. Ideally, this 
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new treatment should then cease and exist at non-detectable levels only when 
the pathology has been cleared. 

Existing gene delivery systems have a variety of limitations (De Smedt, 
Demeester, and Hennink 2000). These systems are designed to eliminate an 
infection by transferring a therapeutic gene to host cells, however, they have 
been largely unsuccessful since only low doses of genetic material can reach 
the specific infected cell types. Increased side effects also include the 
treatment of non-infected cells with high levels of genes and the host cells 
reacting to the carrier molecules associated with their delivery. The current 
gene delivery systems contain retroviral vectors, are liposome based. Genes 
(naked DNA, RNA and modified RNA) have also been injected directly into the 
blood stream. All of these delivery methods can produce many undesirable 
side effects which can compromise the treatment of patients. Retroviral 
vectors have potentially dangerous side effects which include incorporation of 
the virus into the hosts immune system and hence, have been less successful 
than originally hoped (De Smedt, Demeester, and Hennink 2000). Liposome 
based gene transfer methods have relatively low transfection rates, are difficult 
to produce in a specific size range, can be unstable in the blood stream, and 
are difficult to target to specific tissues (De Smedt, Demeester, and Hennink 
2000). Injection of naked DNA, RNA, and modified RNA directly into the blood 
stream leads to clearance of the injected nucleic acids with minimal beneficial 

9 



outcome (Sandberg et al. 2000). As such, there is currently a need for a gene 
delivery system which has minimal side effects but high affectivity and 
efficiency. One such system could be that of the self-assembled nanoparticles 
coated with targeting biomolecules (Lvov and Caruso 2001). 

1.4. GENE DELIVERY 

Three different kinds of particles are relevant to the work described in 
this dissertation: layer by layer nanoparticles, nanocrystals, and magnetic 
nanoparticles. Each type of nanoparticle has pros and cons. The overall goal 
of using nanoparticles is to deliver genes first in vitro, and then in vivo. 

Some or the first attempts at delivering genes in vivo were carried out 
with naked DNA coupled to reporter enzymes (Cristiano et al. 1993; Cristiano, 
Smith, and Woo 1993; Kay et al. 1992; Wu and Wu 1991). In the early 1990s 
several researchers were developing viral based systems to deliver 
therapeutic genes to specific cell populations (Flotte 1993; Fraser 1994; Geller 
et al. 1990; Kennedy and Steiner 1993; Kotin 1994). For the most part, these 
and latter studies utilized Herpes virus or Adenovirus for gene delivery. These 
viral vectors were chosen partly because of their targeting capabilities, but 
more importantly for their ability to efficiently deliver a genetic payload. 
Specifically, the Herpes simplex virus vectors were chosen because of their 
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ability to infect neuronal cells and deliver relatively large payloads of genetic 
material (Kennedy and Steiner 1993; Latchman 1994). The Adenovirus 
vectors were chosen based on their ability to infect a wide variety of cells and 
were initially developed for use in humans to treat cystic fibrosis (Flotte and 
Carter 1995). Although these and other viral based vectors were tested in 
humans, they all had major drawbacks. One of these disadvantages was that 
the delivered genes did not persist in the host cells and gene expression was 
too brief. Viral based gene delivery in humans met with some successes but 
those achievements were overshadowed by unexpected side effects (Ghosh 
et al. 2000). Some of the specific problems that were encountered by these 
patients included a fatal immune reaction and a subsequent leukemia like 
disease due to uncontrolled DNA integration (Check 2002; Hacein-Bey-Abina 
et al. 2003; Kaiser 2003; Marshall 1999). Although these tragic events showed 
that viral based gene therapy was not feasible for the masses, there was 
significant progress made. In 2000, viral based gene therapy recorded its first 
success in which three children were cured of a severe immune deficiency 
illness (Cavazzana-Calvo et al. 2000). Throughout the short history of gene 
therapy there have been two consistant problems: DNA integration and gene 
delivery (Brenner 1995; Emery and Stamatoyannopoulos 1999; Fischer 2001; 
Ghosh et al. 2000; Herrmann 1995; Pfeifer and Verma 2001; Romano et al. 
1998; Strauss 1994; Thomas, Ehrhardt, and Kay 2003). The lack of excellent 
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vectors is the core hindrance for gene therapy researchers. Therefore, non- 
traditional means of gene delivery have been explored in recent years. 

1.5. LA YER BY LA YER NANOPARTICLES 

There are currently many DNA transfer technologies being developed 
for gene therapy. One of the most novel and exciting areas being developed 
for this application is nanotechnology. Specifically tailored nanoparticles are 
currently being developed for gene delivery applications. One of the earliest 
examples of this technology was reported in 1997 by Maruyama and 
colleagues. (Maruyama et al. 1997). This study detailed the construction of a 
biodegradable nanoparticle capable of binding DNA (Figure 1.3) (Maruyama 
et al. 1997). Later studies showed that this and similar methods could be used 
to generate DNA containing nanoparticles that were capable of delivering 
genes to living cells (Heng et al. 2002; Prabha et al. 2002; Reynolds, Moein 
Moghimi, and Hodivala-Dilke 2003). 
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Figure 1.3. Construction of DNA coated nanoparticles. Gel 

electrophoresis of plasmid DNA (pSV) and NPs mixtures (1% 
agarose): (lane 1) MW marker; (lane 2) pSV alone (1 ng); (lanes 
3-7) mixtures of pSV (1 jig) and increasing amounts of PLL-Dex (7- 
2600) NPs (10, 30, 50, 80, or 120 \xg). Before electrophoresis, 
these mixtures were incubated in PBS for 1 h at room temperature. 
Plasmid DNA was detected as ultraviolet fluorescence after 
ethidium bromide staining. PLL-Dex (7-2600) NPs were prepared 
by the diafiltration method from 10 mL of DMSO solution containing 
25 mg of PLA and 9 mg of PLL-Dex (7-2600). (Maruyama et al. 
1997, Copyright ACS Publications) 
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The majority of the nanoparticle based gene delivery tools in the current 
literature are based on DNA complexes. These complexes are mixtures of 
biopolymers, for example poly-L lysine and chitosan, and DNA (De Smedt, 
Demeester, and Hennink 2000; Nishikawa et al. 2000). Once mixed in the 
proper proportions, these components yield nanometer size particles and can 
be titrated to form particles of a particular size. Solid nanoparticles composed 
of biologically inert polymers are well defined in various biological applications 
and can be commercially purchased (De Smedt, Demeester, and Hennink 
2000; Nishikawa et al. 2000). The majority of work in this field has been done 
with particles in the 100 nm size range composed of poly-L lysine (De Smedt, 
Demeester, and Hennink 2000). Fluorescent dyes incorporated into the 
polymer matrix of these particles may help to track them during the targeting 
stage. Special coatings have also been used to help nanoparticles target and 
enter specific cell populations (De Smedt, Demeester, and Hennink 2000; 
Nishikawa et al. 2000). There has been much data gathered on the ability of 
these particles to target and transfer genes into living cells (De Smedt, 
Demeester, and Hennink 2000; Nishikawa et al. 2000). The particles have 
been reported to enter the cell via endocytosis and then degrade due to the 
subsequent decrease in pH (De Smedt, Demeester, and Hennink 2000; 
Nishikawa et al. 2000). 
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Particle size has been shown to greatly influence the transfection 
efficiency (Prabha et al. 2002). It is generally accepted that there is an optimal 
nanoparticle size range for transfection that resides somewhere between 20 
and 200 nm. The smaller the nanoparticle, the easier the particle can enter the 
cell, but if the particle is too small the reticular endothelial system will 
efficiently clear the particles (Tiefenauer, Kuhne, and Andres 1993). 
Alternately, the larger nanoparticles, the more likely the particle will be 
excluded from the cell or caught in the cell membrane (Prabha et al. 2002). 
Therefore, this dissertation has focused on the development of nanoparticles 
between 20 and 200 nm. 

The diverse requirements for a nanoparticle based system led to the 
exploration of three different types of nanoparticles. These were chosen as 
potential gene vectors: layer by layer, semiconductor based, and super 
paramagnetic nanoparticles. Each of these particles has advantages and 
disadvantages. 

Layer by layer nanoparticles are formed around a core particle with the 
layers being held together by the charge of the individual molecules, thus they 
are composed of alternating positive and negative charged species (Figures 
1.4 and 1.5) (Lvov et al. 2001; Lvov and Caruso 2001). One benefit of using 
this type of particle is that once constructed, the particle core can be 
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suspended and then made porous by changing solvents without damaging the 
outer layers. Incubating these porous nanocapsules with dissolved chemicals, 
one can load the nanocapsules through diffusion. Once loaded, the 
nanocapsules can be made non-porous by changing the solvent, thereby 
encapsulating the chemical of choice. Through this technique one can 
encapsulate fluorescent dyes and possibly other molecules (Lvov et al. 2001; 
Lvov and Caruso 2001 ). Reporter genes may also be used as an interior layer 
because of the inherently negative charge of DNA. Additional layers of 
targeting molecules may then be added to help direct the particle to the correct 
cell types (Lvov et al. 2001; Lvov and Caruso 2001). One disadvantage to this 
type of particle is that this technology is new and not well defined in the 
biological arena. 
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Figure 1.4. Layer by layer assembly. The core particle is composed of 
silica and is negatively charged (Panel 1.). The addition of a positive 
charged moiety causes the layer to pack tightly onto the surface of the 
particle (Panel 2.). Alternate layers are thereby deposited onto the surface 
of the particle (Panels 1. to 3.). Lvov, personal communication. 
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Figure 1.5. Protein assembly by alternate 
adsorption with linear polyions. Glucose oxidase, 
urease, arginase, and myoglobin were used in the layer 
by layer assembly of this multilayer assembly. SEM was 
used to photograph this cross section of the layered 
film. Lvov, unpublished data. 
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This dissertation builds on the concept of creating synthetic viruses. In 
other words, the following chapters describe nanoparticles that were 
developed with their viral counterparts in mind. Basing nanoparticle design on 
viruses is not a new concept, but is difficult to realize, even in vitro. Wagner 
and colleagues described a system in which nanoparticles were coupled to 
replication deficient adenovirus (Wagner et al. 1992). This publication 
described a synthetic system devised to increase transfection efficiency in 
vitro. Simply put, viral particles coupled to poly-L lysine particles containing 
DNA. These complexes were tested for transfection efficiency and shown to 
transfect cells at a very high level. Each of the components serves a valuable 
purpose. Transferrin bound nanoparticles were shown in an earlier study, to 
be taken up by cells with transferrin receptors (Neutra et al. 1985). 
Additionally, transferrin is known to be endocytosed through the transferrin 
receptor (Dautry-Varsat 1986; Morgan and Baker 1988; Qian et al. 2002). This 
receptor has also shown promise as a gateway non-viral gene vectors (Qian et 
al. 2002). This publication shows gene delivery that utilizes multiple 
components can prove to be very efficient. For this reason, multilayered 
nanoparticles were very attractive non-viral gene delivery vectors and were 
developed for in vitro use in this dissertation. 
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Wagner et al. had the right concept, but the implementation was 
cumbersome (Wagner et al. 1992). The results from this multi-component 
system were effective and therefore deserve recognition. The concept of a 
multi-component system for targeted gene delivery is best executed by 
viruses. This is where the concept of multi-component layer by layer 
nanoparticles for this dissertation was derived. Creation of a nanoparticle with 
the ability to seek and bind to a receptor, positively charged sugars and 
peptides, were used for this dissertation. The asialoglycoprotein receptor was 
targeted because it is a liver specific protein that binds and internalizes 
glycoproteins that end in galactose. This receptor is used as a classical 
example of endosomal sorting. The glycoproteins are internalized in 
endosomes and rapidly transferred to lysosomes. After that, the receptors are 
then recycled back to the surface of the cell (Stockert 1995; Weigel 1993). 
Additionally, researchers have found that the asialoglycoprotein receptor is 
capable of internalizing relatively large particles and can be used to transfer 
genes into a cell (Teradaira et al. 1983; Thurnher et al. 1994). 

1.6. SEMICONDUCTOR NANOCRYSTALS 

Small size and fluorescent properties make semiconductor based 
nanoparticles attractive for targeting and cell entry studies. These nanocrystals 
are composed of a semiconductor core that self assembles and is brightly 
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fluorescent. These nanoparticles have two unique characteristics that lend 
them to targeting studies: the excitation and emission spectra have a very 
broad stokes shift and the emission wavelengths can be tuned by changing 
the size of the semiconductor core (Rogach et al. 2000). Because of these 
novel fluorescent characteristics, researchers have been able to make up to 
14 resolvable colors of nanoparticles that can all be excited by a single UV 
wavelength (Chan et al. 2002; Mamedov et al. 2001). The semiconductor 
cores can be coated with a number of biologically inert substances including 
sulfur and bovine serum albumin. These coatings can then be used to 
bioconjugate targeting molecules, such as antibodies through a number of 
conjugation techniques (i.e. NHS conjugation). 
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Because nanocrystals are composed of materials that alone are toxic, 
many believe the particles themselves should also be toxic. The current in 
vitro and in vivo data shows that there are no overt toxicities associated with 
nanocrystals (Dubertret et al. 2002; Jaiswal et al. 2003; Wu et al. 2003). 
Studies using nanocrystals to label cells in a developing Xenopus embryo over 
the course of several days showed no toxicity or developmental abnormalities 
(Figure 1.6) (Dubertret et al. 2002). During the embryo stage, the liver, kidney, 
and brain are not fully developed and therefore long term toxicities could not 
be determined. These data support the idea that the nanocrystals are stable 
for at least days within the intracellular milieu. This is most likely due to the 
chemical capping and conjugating of biological materials to the nanocrystal 
core particles. These may help to buffer and protect the nanocrystals from the 
harsh environment of the cell. Recent studies have also shown that 
semiconductor nanocrystals can be used as gene transfer vectors (Paunesku 
et al. 2003). 
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4. The present invention can provide a nanosystem that positions itself at the active site of 
importance for subsequent drug-gene delivery within a single living cell through the use of 
localization or anchoring sequences. 

Molecules can be localized within a site (e.g. at the desired site for drug/gene delivery) 
by a variety of mechanisms. Three examples have been demonstrated in section 6.3.1.5 of the 
Tarl Prow dissertation. Results are shown in Figure 5 (Figure 6.7 of Tarl Prow dissertation; and 
Figure 6 of the JMH paper): 
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5. The present invention can provide a nanosystem that uses feedback loop molecules, such as 
molecular biosensors, to provide for controlled drug-gene delivery in continuous response to 
single cell drug-gene delivery at earlier timepoints. 

This feature involves continuous control of any drug/gene therapy to deliver the proper 
therapeutic amount for each single cell. While we have not yet done a complete drug/gene 
therapy of asingle cells we have demonstrated that this control mechanism is possible by linking 
a biosensor to an expression vector of a green fluorescent protein reporter molecule. This 
example is cited only as one demonstrating feasibility. While the present invention may make no 
claim on either the specific reporter gene (owned by others) or the HCV replicon (owned by 
others) or West Nile replicon (owned by others), the present invention may claim applications of 
the basic invention to these application areas. There are many other possible applications. There 
are many ways these feedback loops can be done. One specific example is the delivery of an 
HCV biosensor linked to a GFP reporter molecule which transcribes the reporter gene as long as 
the HCV replicon is detected. This is shown in Figures 6 and 7 (sections 6.3.1 .7 and 6.3.1 .8 and 
Figures 6. 1 0 and 6. 1 1 of the Tarl Prow dissertation): 
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Figure 6.10. Hepatitis C replicon activated biosensor flow 
cytometry data. Values were calculated as the percent of GFP 
positive cells normalized to the pTet-Off/pBI values. Huh7 cells 
are protease/replicon negative and Huh7-RG cells are 
protease/replicon positive. * indicates 0%. 
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A second example of a nanoparticle system with feedback is shown in collaborative work we 
have been doing with Dr. Peter Mason (not an inventor of the present application) with his West 
Nile virus systems. 

This image shows cells (nuclei are stained blue with Hoechst 33342) treated with 
multilayered nanoparticles coated with cell entry facilitating molecules. One of the inner layers 
contained the gene encoding for EGFP (green). The presence of green cells indicated the 
nanoparticles have reached the nucleus of the cell. These are all BS-3 biosensors specific for 
West Nile virus. 

Demonstration of a feedback loop: When there is no viral protease present, the biosensor 
remains tethered in the cytoplasmic membranes. The presence of the viral protease induces 
cleavage of the biosensor from the anchor and the free protein fragment is localized to the 
nucleus via a VP 16 nuclear localization signal. Once in the nucleus, the protein fragment binds 



to the tetracycline response element and induces the expression of any gene downstream (in this 
case EGFP reporter genes). 

Data for the system described in Figure 8 in shown below in Figure 9. The expression of 
the biosensor/ reporter gene complex is driven by the West Nile virus infection. 
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Figure 9 




23 



These situations are discussed in different places of the papers and dissertation included 
as further information herein. An example of targeting and entry steps are given in Figure 2 
(Figure 4.14 of Tarl Prow dissertation, mentored by Dr. James Leary; and Figure 10 of the 
Journal of Molecular Histology (JMH) paper): 
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Figure 2 



2. The present invention can provide a nanodelivery system with molecular error-checking 
based on desired or permissible Boolean logic conditions (based on presence or absence of 
specific molecules on or within the cell) to reduce false positive targeting which then lowers 
undesired, adverse bystander side reactions 

The importance of Boolean combinations of targeting molecules to correctly identify rare 
cells (the usual in- vivo targeting situation) is well known and documented, including in previous 
work by one of the inventors (Leary, 1994). For the reasons given in this reference, the preferred 
Boolean combination is to have two "positive selectors", for example A and B, which must be 
simultaneously present (Boolean AND) and one "negative selector", for example C, which must 
be absent (Boolean NOT). This Boolean logic condition of "(A AND B) AND (NOT C)" has 
been demonstrated to provide good target selection down to frequencies of more than 10" 6 in at 
least some applications where each targeting molecule, A or B may only be individually accurate 
to frequencies of 10" 2 . The non-specifically binding C target molecule, which should not bind to 
the correct cells, is used to eliminate cells which may also bind A or B. Targeting molecule C 
can also be used to eliminate all dead/damaged and other cells which non-specifically bind 
molecule C. As discussed in the reference (Leary, 1994), A, B and C can also consist of cocktails 
of targeting molecules. All of this has been done previously by others at the molecular labeling 
level using fluorescent antibodies of different colors. Thus a cell of interest may be identified at 
A+B+C- . Nanoparticles of different colors can obviously be similarly used for in- vitro, ex-vivo, 
and in-vivo diagnostic purposes. 

Nanoparticles for in-vivo drug/gene delivery are more complicated, since it is difficult, 
but not impossible, to construct a similar Boolean targeting scheme on a single nanoparticle. A 
simpler way to accomplish the objectives is to have a drug delivery system which is binary, i.e. it 



requires that two different nanoparticles with different targeting molecules (e.g. nanoparticle 
type 1 with targeting molecule A, and nanoparticle type 2 with targeting molecule B) bind to the 
cell. The intermediate steps bring two different components of the drug/gene delivery system 
together to form a process that can only be completed if both drug/gene prerequisite molecules 
are present. The non-specific targeting molecule C can have a nanoparticle with a "suppressor" 
molecule which blocks the completion of the assembled drug/gene delivery system. This 
combination of three different targeting molecules A, B and C on separate nanoparticles can then 
be used to create the Boolean logic system of (A AND B) AND (NOT C) for a complete targeted 
drug/gene delivery system. 

This claim area, invented by JFL, will require further effort to reduce the Boolean 
requirement for ht drug/gene delivery to practice. But we have demonstrated the idea that two 
different types of nanoparticles can be co-localized to the same place within a cell as shown in 
Figure 3 (JMH paper figure 1 1): 
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3. The present invention can provide a nanosystem having molecules that use, create or 
reorganize molecules already within individual living cells such that a single nanoparticle can 
manufacture enough drugs or genes to have a therapeutic response. This solves the problem of 
how to deliver enough drugs or genes to single cells in-vivo to achieve therapeutic value. 

It will be difficult to deliver enough drugs to a cell in-vivo to be of therapeutic value. 
This feature of the present invention suggests that the problem can be overcome by delivering 
drug/gene manufacturing capability to the cell. Then any amount of desired drug or gene can be 
manufactured in-situ. If combined with a molecular biosensor, the drug can be manufactured and 
delivered until the biosensor shuts down the manufacturing. The biosensor can either be sensitive 
to drug concentration or better yet, be sensitive to the single cell's response to the previously 
delivered drug or gene therapy. 

An example is given in Figure 4 ( Figure 6.2 in the dissertation of Tarl Prow; also figure 
5 of the JMH paper): 
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Figure 4 



1.7. MAGNETIC NANOPARTICLES 

Magnetic nanoparticles have also been targeted to cell populations in 
vivo. In fact, magnetic particles have been used to enhance virus mediated 
gene transfer for gene therapy applications (Scherer et al. 2002). In this case 
the nanoparticles were used to concentrate the viral vectors to a specific 
location and thereby increase the likelihood of transfection (Scherer et al. 
2002). This application of magnetic nanoparticles is a departure from the 
norm. Most researchers use magnetic particles as contrast agents 
(Bonnemain 1998; Mitchell 1997; Petersein, Saini, and Weissleder 1996; 
Violante 1990; Wang, Hussain, and Krestin 2001). Because these agents are 
used primarily in diagnostic imaging, many of the particle formulations are 
already approved for use in humans. Although there is no current data on 
gene delivery by magnetic nanoparticles, this dissertation explores that 
application both in vitro and in vivo. The magnetic properties of these particles 
are quite favorable for layered construction of a non-viral based gene delivery 
vector. One of the most difficult challenges facing researchers constructing 
layered nanoparticles is the purification of the particles after each step. With 
magnetic particles that utilize superparamagnetic iron oxide cores, the 
purification is generally simple and utilizes off the shelf products. 
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1.8. HEPATITIS C VIRUS 

Hepatitis C virus is a positive stranded RNA virus that has no known 
DNA intermediate. The genome of the virus is approximately 9.5 kb and is 
replicated through a double stranded RNA intermediate by a virally encoded 
RNA polymerase with no proofreading capabilities (Beard et al. 2001). The 
lack of proof reading during replication accounts for the great variation known 
to exist in various isolates of HCV (Rice and Hagedorn 2000). The genome 
codes for three structural proteins: core, E1, E2 and several nonstructural 
proteins: NS2, NS3, NS4A, NS4B, NS5A, and NS5B (Beard et al. 2001). This 
genome is translated as a single polyprotein that is cleaved by host and viral 
proteases, such as the virus specific NS3 protease (Figure 1.7) (Rice and 
Hagedorn 2000). The coding sequence is flanked by the 5' and 3' non- 
translated regions (NTR) that controls viral translation and replication. The 5' 
NTR contains the internal ribosomal entry site (IRES) that directs the ribosome 
to the AUG initiation codon (Rijnbrand et al. 2001). While, the E2 glycoprotein 
is located on the surface of the viral particle and is thought to contribute to 
virus binding (Rice and Hagedorn 2000). The target for the E2 glycoprotein 
has been suggested to be CD81 , however, this is still a point of controversy 
among HCV researchers (Allander et al. 2000; Flint et al. 1999; Forns et al. 
2000; Pileri et al. 1998; Wunschmann et al. 2000). There is however 
convincing evidence that CD81 plays a role in HCV particle binding (Allander 
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et al. 2000; Flint et al. 1999; Forns et al. 2000; Pileri et al. 1998; Rice and 
Hagedom 2000). 



26 




27 



There are, as yet, no fully protective vaccines for Hepatitis C while 
existing therapies such as interferon and ribavirin therapies are 50% effective 
and very expensive (Gutfreund and Bain 2000). Of the patients that present 
with acute HCV infection, only 10-40% eventually clear HCV (Barrera et al. 
1995; Hino et al. 1994). The closest curative therapy for HCV infection is a 
liver transplant. Even if interferon/ribavirin treatment is successful, HCV 
infection can reoccur and could cause cirrhosis and/or loss of hepatic allograft 
(Bizollon et al. 1999; Feray et al. 1999; Ghobrial et al. 1999). The first 
generation of HCV chemotherapeutic agents was an interferon based therapy 
that used various types of targeted interferon, such as interferon alpha-2a, 
alpha-2b and consensus interferon. These anti-viral and immunomodulatory 
drugs resulted in only 15-20% viral clearance for at least 6 months (Poynard et 
al. 1996). The next generation of anti-HCV therapy was a-interferon in 
combination with ribavirin a nucleoside analog, was found to be more 
beneficial as it improved the sustained (>6 months of non-detectable HCV 
levels by PCR) antiviral response of interferon to 40% in previously untreated 
patients (Gutfreund and Bain 2000). Furthermore, relapsing HCV positive 
patients previously treated with interferon monotherapy were able to achieve 
up to a 50% sustained response with this combined therapy (Gutfreund and 
Bain 2000). However, at least half of those treated with this strategy remained 
infected with HCV (Gutfreund and Bain 2000). One other disadvantage is that 
the high price of combination therapy severely limits world wide use. Side 
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effects from this interferon/ribavirin combination therapy can also be severe 
enough to stop the therapy. For example, in a recent 24- and 48-week 
combination therapy study, 8% and 19% of the patients had to stop therapy 
due to adverse effects (Gutfreund and Bain 2000). Among the major side 
effects of both interferon and ribavirin are hemolytic anemia, teratogenic 
effects, depression, and congestive heart failure (Gutfreund and Bain 2000). 
Currently, PEGylated interferon and ribavirin are being used with higher 
success rate than the non-PEGylated therapies (40-45%), but response rates 
with persistent infections are still disappointing and the side effects are 
significant (Cornberg, Wedemeyer, and Manns 2002). Therefore, a more 
effective and less toxic anti-HCV therapy is needed. 

1.9. ANTI-HCV RIBOZYME 

Hammerhead ribozymes (HH) are small catalytic RNA molecules that 
bind to and cleave a specific RNA sequence. The HCV IRES plays a vital role 
in viral replication by initiating the translation of the viral polyprotein (Rice and 
Hagedorn 2000). IRES activity depends wholly on the primary, secondary, and 
tertiary structure. Controlling the level and duration of ribozyme treatment can 
be achieved by driving the expression of the anti-HCV RNA segment with a 
sensor which activates an inducible promoter. Traditional ribozyme therapy 
strategies have shown promising results in cell free systems and in vitro, 
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however the results were largely disappointing in clinical trials (Sullenger and 
Gilboa 2002). Two main issues that may have contributed to these 
disappointing outcomes are the method of delivery and its final localization. 
Delivery via injection of massive quantities of modified RNA into the blood 
stream has resulted in a poorly targeted and very limited system (Lee et al. 
2000). 

In gene therapy strategies, hammerhead ribozymes are expressed and 
retained in the nucleus, which may be effective for some mRNA targets, but 
not for HCV as the genome is localized outside of the nucleus. Recently, 
Kuwabara and Warashina have shown that the problem of sub-cellular 
localization can be solved by the addition of a nuclear export signal to the 5' 
terminus of the HH . This study went on to use several versions of this strategy 
in a combination of systems ranging from cell free systems to ex vivo 
experiments and to also engineer fusions which are able to cleave a variety of 
cellular and viral targets. The studies reported by this group are based on a 
tRNA promoter driving the transcription of a tRNA-HH (Kuwabara et al. 2001). 
Further modification of this model has contributed to the development of the 
experimental systems proposed in this dissertation. 
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1.10. RADIATION DAMAGE 

To date there have been limited studies which have focused on the 
development of new generation therapies for in vivo prevention, detection and 
repair of DNA damage triggered by radiation. Such a system is needed to treat 
astronauts which receive unpreventable radiation exposure during long 
duration spaceflight (Ohnishi, Takahashi, and Ohnishi 2001). 

A significant challenge to the implementation of manned, long duration 
space travel and exploration is the maintenance of human health in deep 
space (Cucinptta et al. 2001). The zero gravity environment can cause many 
complex health issues such as weakening of the immune system, increased 
risk of infectious diseases and cancers, and exposure to high levels of ionizing 
radiation (IR) and thereby DNA damage (Cucinotta et al. 2001; Ohnishi, 
Takahashi, and Ohnishi 2001). If not repaired, these DNA lesions can produce 
permanent genetic changes that ultimately can lead to carcinogenesis 
(Cucinotta et al. 2001; Ohnishi, Takahashi, and Ohnishi 2001). Previous 
studies have reported significantly accelerated rates of cancer onset due to 
gene inactivation and higher than "normal" exposure to DNA damaging agents 
(Ohnishi, Takahashi, and Ohnishi 2001). These data suggest that humans 
possess little "extra" DNA repair capacity, hence long-term space travel and IR 
exposure are likely to have severe health consequences (Cucinotta et al. 
2001; Ohnishi, Takahashi, and Ohnishi 2001). There is now a need to develop 
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methodologies which can engineer human cells to detect major IR induced 
DNA damage and if possible, enhance the DNA repair capacity in human cells 
thus rendering them less susceptible to the detrimental effects of IR. One 
other method would be to increase the resistance of human cells to UV 
radiation by genetic engineering. This may be via the augmentation of the 
existing human base excision repair pathway and the introduction of 
prokaryotic DNA repair genes into cells hence increasing both the quantity and 
specificity of the repair process in humans. 



CHAPTER 2. MATERIALS AND METHODS 

2.1. LAYER BY LAYER NANOPARTICLE CONSTRUCTION 
2.1 .1 . Layer by layer nanoparticle construction 

Layer by layer nanoparticles were constructed by using a charged silica 
core particles between 60-1 OOnm in diameter (Nissan Chemical, Inc., 
Houston, TX). Alternately charged layers were added using polyethylimine 
(Sigma-Aldrich Chemical, Inc., St. Louis, MO) as a positive layer and DNA, 
sugars (Sigma-Aldrich Chemical, Inc. , St. Louis, MO), or poly(allylamine 
hydrochloride) PAH (Sigma-Aldrich Chemical, Inc. , St. Louis, MO) as negative 
layers. Deposition of each layer was monitored though sizing and zeta 
potential with a ZetaPlus instrument (New Haven Instruments, Inc., New 
Haven, CT). DNA, including pEGFP-C1 (APPENDIX 2.01.1.) and P DsRed2-C1 
were initially obtained from Clontech, Inc., San Jose, CA. The electrical 
potential drops off exponentially with distance from the particle and reaches a 
uniform value in the solvent outside the diffuse double layer. The zeta potential 
is the voltage difference between a plane a short distance from the particle 
surface and the solvent beyond the double layer. Quantities of DNA were 
obtained from transforming E. coli with the appropriate plasmid and growing 
them to 1 L. The bacteria were lysed and the DNA isolated through cesium 
chloride gradients at the UTMB core facility for molecular biology. All DNAs 
were then concentrated and kept frozen in water. Linear DNA containing the 
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CMV promoter and EGFP gene was obtained by large scale PCR reactions 
using pEGFP-C1 (Clontech, Inc., San Jose, CA.) as the template and the 
following oligos: forward 5' - TAG TTA TTA ATA GTA ATC AAT TAC GGG 
GTC ATT AG - 3' and reverse 5* - TAC ATT GAT GAG TTT GGA CAA ACC 
ACA ACT AGA AT - 3'. After the PCR reactions, the resulting DNA was 
isolated using commercial PCR product purification kits (Qiagen, Inc., 
Valencia, CA). The outer coatings including, galactosamine, protamine, and 
poly-arginine were purchased from Sigma-Aldrich Chemical, Inc., St. Louis, 
MO. Lipid coatings were deposited on DNA coated particles just prior to 
exposure to cells. Lipofectamine™ 2000 (Invitrogen, Inc., Carlsbad, CA) was 
used to coat the nanoparticles in a method identical for DNA transfections as 
directed by the manufactures instructions. 

Specifically, the layered nanoparticles were coated with 
Lipofectamine™ 2000 by combining 2 \i\ of Liofectamine 2000 with 50 nl of 
Optimem™ (Gibco BRL, Burlington ON, Canada). This mixture was incubated 
at room temperature for 5 minutes. DNA coated nanoparticles (15 was 
gently mixed with 50 nl of Optimem™, inverted gently several times, and 
incubated for 5 minutes at room temperature. After incubation with 
Optimem™, the Lipofectamine™ 2000 and layer by layer nanoparticle 
mixtures were mixed and incubated at room temperature for 20 minutes. After 
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20 minutes, 117 ^l of coated layer by layer nanoparticles were added to a 
single well in a 24 well plate containing 1x10 5 adherent cells. 

2.1.2. TUNEL analysis 

TUNEL analysis was used to detect late phase apoptosis in a variety of 
cell types. The TUNEL reaction utilizes a terminal deoxynucleotidyl transferase 
to mediate a dUTP end labeling of nicks. Therefore, the more nicks are 
present in cellular DNA, the more labeling will be transferred. Increased DNA 
fragmentation caused by apoptosis is labeled by the TUNEL reaction, resulting 
in apoptotic cells with brightly labeled nuclei. The in situ cell death kit, TMR red 
was purchased from Roche-Diagnostics, Indianapolis, IN. The cells were 
washed 3 times in PBS and fixed in 4% paraformaldehyde with PBS at pH 7.4. 
The cells were then permeabilized with 0.1% Triton X-100 in 0.1% sodium 
citrate that was freshly prepared. Then 50 nl of TUNEL reaction mixture was 
added to cells in a single well of a 4 well slide. The slide was then incubated 
for 60 minutes at 37°C in the dark. After incubation, the slide was rinsed 3 
times with PBS. The sample was then analyzed by fluorescence microscopy. 
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2.1.3. Trypan blue dye exclusion assay 

This assay helps to identify cells with leaky or damaged cell 
membranes. A cell suspension (50 ^l) was mixed with 50 \i\ of trypan blue dye 
(Sigma-Aldrich Chemical, Inc., St. Louis, MO). The cells were then gently 
mixed and viewed with a light microscope. Healthy and intact cells were clear, 
while cells with damaged membranes appear blue. 

2.1.4. Cell culture and transfections 

Cells were incubated at 37°C in 5% C0 2 . BT7-H, Huh7, Vera, and BHK 
cell lines were cultured in DMEM supplemented with 10% FBS (Sigma-Aldrich 
Chemical, Inc., St. Louis, MO) and Penicillin/Streptomycin (Sigma-Aldrich 
Chemical, Inc., St. Louis, MO). Cells were transiently transfected with 
Lipofectamine™ 2000 (Invitrogen, Inc., Carlsbad, CA) using the 
manufacturer's instructions. Negative controls used in biosensor experiments 
included untreated, reporter only treated, and protease free groups. pTet-Off in 
combination with an appropriate reporter was used as a positive control. 

2.1.5. Confocal microscopy 

Cells were examined with a Zeiss 510 META confocal microscope (Carl 
Zeiss Microimaging, Inc., Thomwood, NY). Excitation wavelengths included 
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UV, 488, 514, 546, and 633 nm depending on the fluorescent probes used. 
Appropriate emission wavelengths were determined and used for each 
fluorochrome used. Cells were analyzed with either 20, 40, 63, or 100X 
objectives. A 20X objective was used for imaging large numbers of cells for 
analysis. 

2.1.6. Flow cytometry 

Samples were analyzed by flow cytometry with either a FACScan (BD 
Biosciences, Inc., San Jose, CA) or a home built high speed cell sorter. Briefly, 
treated cells were trypsinized to attain a single cell suspension, then, the cells 
were fixed in 4% formalin or paraformaldehyde (Fisher Scientific, Inc.) in PBS 
for 10 minutes. The cells were then washed three times with PBS. If the cells 
required intracellular staining prior to flow, the cells were then premeabilized 
and stained. These cells were permeabilized with 0.25% Triton X-100 (Fisher 
Scientific, Inc., Houston, TX) for 5-10 minutes. After treatment with Triton X, 
the cells were washed three times prior to staining. After staining the cells 
were filtered with a 70 urn mesh cell strainers (Fisher Scientific, Inc., Houston, 
TX) and analyzed by flow cytometry. EGFP samples were excited using an 
Argon ion laser tuned to 488 nm and detected after 488 nm band reject and 
530 nm band pass optical filters (Omega Optical, Inc., Brattleboro, VT). 
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2.2. NANOCRYSTAL METHODS 

Nanocrystals were constructed in the Kotov laboratory. Their construction 
is both complicated and lengthy. The protocols for the construction will be 
presented elsewhere by Kotov et al. As of Spring 2003, some nanocrystals 
are recently commercially available (Quantum Dot, Corp., Hayward, CA). 

2.2.1. Cell culture 

Cells, including MOLT4, BJAB, and BHK-S lines, were exposed to various 
nanocrystal preparations and subsequently imaged. Generally, 5 jil of 
nanocrystals were added to 10 5 cells and placed on a microscope for viewing 
while alive. Briefly, nanocrystals were introduced to the cell media and 
incubated at 37°C for up to 48 hours. Because of the variability in the 
construction and bioconjugation of the nanocrystals, it was not feasible to 
determine the number of nanocrystals in each preparation. In fact, only rough 
estimations of the quantity of nanocrystals in a preparation were possible and 
were entirely based on the estimated size of the crystals and the amount of 
starting chemicals. The question of the abount of nanocrystals per volume is 
further complicated by the clumping of these particles with time. Because the 
formation of these complexes is not well understood and appears to vary from 
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batch to batch as well as with time, it was extremely difficult to determine the 
concentration of these nanocrystals. 

2.2.2. Transmission electron microscopy 

Electron microscopy was carried out under the supervision of Dr. Popov, 
University of Texas Medical Branch. Samples were prepared by putting 5 >xl of 
nanocrystal mixture onto a gold electron microscopy grid. The droplet was 
allowed to dry for 10 minutes and then the sample was viewed with either a 
Phillips 410 or CM 100 electron microscope (Phillips Electron Optics, 
Eindhoven, The Netherlands) at 60 kV. Representative photos were taken and 
the magnification calculated. The size of objects was determined by 
measuring the object of interest over the power of magnification. 



2.3. PROTEASE A CTIVA TED BIOSENSORS 
2.3.1 . Biosensor construction 

Biosensor constructs were created using common cloning techniques. 
Briefly, the TA region of the pTet-Off (Clontech, Inc., San Jose, CA.) vector 
was amplified by PCR using the following primers: forward 5' - ATT CGG 
AAT GTC TAG ATT AGA TAA AAG TAA AGT - 3' and reverse 5' - CAT TGA 
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CTA CCC ACC GTA CTC GTC AAT TCC AAG GGC - 3'. See Appendix for 
primer locations and map. The PCR fragment was then purified (Qiagen, Inc., 
Valencia, CA.) and concentrated. This fragment was then used as a template 
for subsequent PCR reactions designed to add localization and cleavage 
domains. Three different biosensor constructs were initially made, BS-1, BS-2, 
and BS-3 using the TA template. Overlapping 100 base primers were used to 
PCR the BS-1, BS-2, and BS-3 (see Appendix for gene sequences). 
Specifically, the TA region of pTet-Off was obtained from PCR reactions using 
the primers described above. This PCR product was then purified with a PCR 
product purification kit from Qiagen, Inc., Valencia, CA. The resulting DNA 
fragment was then resuspended in purified water and spectrally quantified with 
an Eppendorf Biophotometer (Eppendorf, Inc., Westbury, NY). From this 
stock 50 ng was used as a template for the first primer based elongation 
reaction using the same forward oligo described above. The reverse oligo 
contained a 30 base overlap with the 3' terminus of the TA gene followed by 
the cleavage domain sequence. This PCR reaction was carried out and the 
procedure repeated until the complete gene was synthesized. This method 
gave fast and reliable results and was used repeatedly to produce multiple 
biosensors. For those biosensors that required appending sequences to the 5' 
region of the TA gene, the same procedure was used except that the 
elongating oligos were forward primers and the reverse oligo described above 
was used. Variants of BS-3 were developed with cleavage domains specific 
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for other proteases; one example of this is Caspase-3 whose cleavage domain 
is KRKGDEVDGVDF. Once constructed, the biosensors were cloned into the 
pCMV-Script vector (Stratagene, Inc., La Jolla, CA) and transformed into 
bacteria (Super competent E. coli, Stratagene, Inc., La Jolla, CA). Colonies 
were selected based on kanamycin resistance. Selected colonies were grown 
in LB broth and the plasmid DNA isolated (Qiagen, Inc., Valencia, CA). 
Restriction digests and PCR were used to confirm the presence and 
orientation of the PCR insert. 

2.3.2. Immunocyochemistry 

Cells were fixed and permeabilized as described in 2.01.4. Biosensor 
protein was detected by immunostaining with anti-VP16 raised in rabbit 
(Clontech, Inc., San Jose, CA.). Active Caspase-3 was detected with anti- 
active Caspase-3 raised in rabbit (Cell Signaling Technology, Inc., Beverly, 
MA). Secondary antibodies were purchased from Molecular Probes, Inc. and 
were conjugated to Alexa-fluor 488, 546, or 596. Cells were also 
counterstained with one or more of the following, Hoechst 33342, 4',6- 
diamidino-2-phenylindole, dihydrochloride (DAPI). (DAPI emits blue 
fluorescence upon binding to AT regions of DNA) and Phalloidin 546 
(Molecular Probes, Inc., Eugene, OR). 
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CHAPTER 3. DEVELOPMENT OF LAYER BY LAYER CONSTRUCTED 
NANOPARTICLES 

3.1. INTRODUCTION 

The proposed goal for this chapter is to develop multilayered nanoparticle 
delivery systems. This chapter discusses different approaches used in the 
development of these particles, including modification of commercially 
available fluorescent nanoparticles and the construction of "layer by layer" 
nanoparticles. 

For the first set of experiments, commercially available fluorescent 
nanoparticles (Spherotech, Inc., Libertyville, IL) with bioconjugated anti-mouse 
IgG on the surface were used to test targeting strategies. In order to determine 
which targeting strategy would be most accurate, efficient, and cost effective 
three modalities were considered for these particles: specific antibodies (anti- 
CD95), recombinant protein, and sugar molecules. 

The second set of experiments involved the development of layer by 
layer nanoparticles using alternating charged layers coated on a solid core 
particle. These layered nanoparticles were developed to enable the delivery of 
a payload to specific populations of cells. Initial experiments were created to 
test the toxicity of these components and their effectiveness for gene delivery. 
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3.2. METHODS 

3.2.1 . Coating of commercially available nanoparticles 

Anti-CD95 was used to target commercially available nanoparticles 
(Spherotech, Inc., Libertyville, IL) to BJAB cells (CD95 positive). This was 
achieved by first incubating BJAB cells with mouse anti-human CD95 
antibodies (Southern Biotech, Inc., Birmingham, AL) for 1 hour in PBS. Cells 
were then incubated for a further 1 hour at 37°C with the purchased 
fluorescent green- nanoparticles (Spherotech, Inc., Libertyville, IL) with anti- 
mouse IgG conjugated to the surface. Cells were counterstained for 10 
minutes with Hoechst Dye 33342 (Molecular Probes, Inc., Eugene, OR) and 
then washed three times with PBS, to detect nuclei. This mixture was washed 
three times with PBS. The experiments were then analyzed by fluorescent 
microscopy, where the results were visualized and photographed. 

In a separate experiment, CD95 positive BJAB cells were co-cultured 
with CD95 negative MOLT4 cells. The BJAB cells were labeled with mouse 
anti-human CD95 and exposed to green fluorescent nanoparticles (-520 nm) 
coated with anti-mouse IgG while the MOLT4 cells were labeled with a blue 
fluorescent tracking dye, CMAC (Molecular Probes, Inc., Eugene, OR). The 
CMAC tracking dye stains the cell membrane and is trapped there. Once 
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cells are stained and washed, the tracking dye will not bleed out. This is one 
simple method for differentiating cell types during mixed culture experiments. 
Cells stained with antibodies conjugated to fluorochromes were used as 
positive controls. Cells not containing the receptor target were used as 
negative controls. 



3.3. RESULTS 

3.3.1 . Fluorescent polystyrene layered nanoparticles for 
targeting 

The priority of this project was to develop techniques to successfully 
target layered nanoparticles to specific cell populations. Figure 3.1 
demonstrates the labeling and counterstaining of Live BJAB cells with 
Hoechst 33342 (Panel A, blue) and anti-CD95 (Panel A, green), 
respectively. Importantly, FITC labeled nanoparticles coated with anti- 
mouse IgG F(ab) fragment (Panel B, green particles) were able to attach 
themselves to the targeted BJAB cells which expressed CD95. This 
experiment demonstrates that antibody coated particles can target cells 
containing CD95 on their surface, but did not explore nanoparticle entry into 
the cell. 



Figure 3.1. Nanoparticle targeting of CD95 positive cells. Live BJA 
cells were labeled with anti-CD95 FITC (Panel A). BJAB cells labeled wit 
anti-CD95 and exposed to FITC labeled nanoparticles coated wit 
secondary antibodies specific for the Fc portion of anti-huma 
CD95antibodies (Panel B). All nuclei are counterstained with Hoechs 
33342. 
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Cells without CD95 on their surface were used as negative controls 
during a mixed population test of the CD95 targeting strategy. Figure 3.2 
depicts the successful binding of nanoparticles conjugated to anti-mouse IgG 
to BJAB cells which expressed the CD95 antigen on its cell surface (Panel A 
and B green FITC cells). These nanoparticles were however unable to bind to 
the CD95 negative MOLT4 cells which were labeled with CMAC, a blue 
fluorescent tracking dye (panel B, blue cells). These results indicate that 
particles can indeed target via conjugated antibodies in our hands, confirming 
data shown by others (Spherotech, Inc., Libertyville, IL). 
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Figure 3.2. Nanoparticles target CD95 positive ceils in a 1:1 eel 
mixture. MOLT4 cells were stained blue with a cell tracking dye (CMAC) 
washed and mixed with BJAB cells. The MOLT4 cells were used as 
negative control because they do not normally express CD95 on thei 
surface. BJAB cells constitutively express CD95 on their surface. This liv 
cell mixture was first exposed to an anti-CD95 antibody raised in mice 
Green fluorescent particles conjugated to anti-mouse IgG were then adde 
to the culture in an attempt to target to only the CD95 positive BJAB cells 
As shown in both panels, none of the blue MOLT4 cells were targeted by th 
green particles. Only the BJAB (unstained) cells, that are CD95 positive 
were bound to the green particles. 
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3.3.2. Cytotoxicity of layer by layer nanoparticles 

The previous experiments gave practical knowledge of using antibodies 
to target commercial nanoparticles to cells in culture. To construct layered 
nanoparticles de novo that could carry multiple payloads. The toxicities of 
different core particles, onto which discrete layers would be deposited, were 
tested using markers for membrane integrity and apoptosis. Initial experiments 
determined the toxicities of 20 several different core particles in cell culture. 
The actual concentration of core nanoparticles in each sample was not 
determined due to a lack of methods. So, a 20 ul dose for 1x10 5 cells was 
chosen as a starting point for these initial toxicity studies. In total, three core 
particles were evaluated and these consisted of two silica (Si and Si2, both 
silica particles from different preparations) and one latex product (LA). The 
different nanoparticle cores were gifts from the Lvov laboratory. Both the Si2 
and LA preparations were found to be highly toxic as they markedly increased 
apoptosis and loss of membrane integrity in BJAB cells (Figures 3.3 and 3.4). 
Figure 3.3 also shows that high levels of apoptosis were also observed in 
BJAB cells treated with core nanoparticles containing one if the silica based 
core preparations. These results are typical of those seen in repeated 
experiments of this nature. 
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The most promising nanoparticle core, Si, was also tested on Huh7 cells 
for hepatitis C virus based studies (Figure 3.5). These cells were derived from 
a human hepatoma and are use in these studies because they were derived 
from human liver cells. It was observed that a 10 ^1 dose, per 1x10 5 cells, of 
the Si nanoparticles induced apoptosis in about 10% of the cells. A dose 
response experiment was conducted with the silica particles (Figure 3.5 
Bottom panel). This study also utilized dialysis to rule out the possibility of a 
toxic component in the nanoparticle solution. The results of this experiment 
showed that the there was indeed a nontoxic concentration of nanoparticles 
and that there was no dialyzable toxic component in this mixture. This strongly 
suggests that the nanoparticles themselves are responsible for the toxicity 
issues observed. The nanoparticles tested in this experiment were not 
washed, resulting in a much higher concentration of particles per cell. 
Importantly, this concentration was found to be less toxic as the BJAB cells did 
not show any detectable membrane damage. As a result, the Si core was 
chosen as the preferred particle for the remaining experiments reported in this 
thesis. In conclusion, there are three main results from these experiments: 

1 . Si2 and LA both killed all of the cell types extremely well 
and were therefore not chosen for future studies. 

2. Si was the least toxic nanoparticle core and was therefore 
chosen for future experiments. 
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Panel A. Trypan blue dye assay for membrane integrity 




Control Si Si2 LA 



Panel B. TUNEL assay for late stage apoptosis 




Control Si Si2 LA 



Figure 3.3. Determination of nanoparticle core toxicity. Three core particles, two silica 
particles (Si and Si2) and a latex (LA) particle were evaluated for toxicity with trypan blue 
dye exclusion (Panel A) at 1 and 24 hours (black and gray bars, respectively). Cells 
exposed for 24 hours were also assayed for apoptosis with the TUNEL assay (Panel B). 
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Figure 3.4. Cytotoxicity of three nanoparticle core preparations in 
BJAB cells. Cells were harvested at 1 (top row) and 24 (middle and bottom 
rows) hours. Trypan blue dye exclusion was used to determine membrane 
integrity (top two rows) and TUNEL analysis (bottom row) to determine the 
number of apoptotic cells in each treatment group. Cells were treated with 
nothing (panels A, E, and I), two silica Si (panels B, F, and J) and Si2 
(panels C, G, and K), and a latex (panels D, H, and L) cored particles. 
Panel L only contains one apoptotic cell because there were only a handful 
of intact cells remaining in the samples, therefore only one intact nucleus 
could be captured in a single frame. 
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Figure 3.5. Effect of individual LBL components on apoptosis in Huh7 
cells. Top Panel: Huh7 cells were treated with the individual components 
used to construct LBL; silica core partricles (Si), Polyethylimine (PEl), 
Lipofectamine™ 2000 (LA), complete nanoparticle (NP), Tris buffer (TB), 
pEGFP (DNA), Galactosamine (Gal), and untreated (Con). The cells were 
incubated for 24 hours and then assayed for apoptosis with the TUNEL 
assay. Only the silica core particles appeared to induce apoptosis (Si). The 
error bars indicate the standard variation between fields of view. Each field 
of view contains approximately 300 cells and 3 FOV for each sample. 
Bottom Panel: Huh7 cells were treated with different volumes of silica 
nanoparticles and viability was determined by trypan blue dye exclusion. 
The nanoparticles were either untreated or dialyzed against PBS for 24 
hours. 
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Layered nanoparticles containing the Si core were found to be the least 
toxic, therefore, these cores were selected for further development of the layer 
by layer nanoparticles containing payloads in the form of alternating charged 
layers. Figure 3.5 shows a toxicity study on each of the potential layers. 
These results indicate that the individual components that will comprise each 
layer in the layer by layer nanoparticles are not toxic, except for the core 
particles. The individual components were tested for toxicity once with the 
exception of the Si and NP groups. Because of their importance, the Si and 
NP groups were evaluated for toxicity several more times with very similar 
results. These preliminary experiments were used to determine which 
components were the cause of toxicities seen during pilot studies. The toxicity 
studies, while not extensive, clearly showed that the only toxic component was 
the silica nanoparticle. These particles, while somewhat toxic, were acceptable 
for use in early experiments. The principal reason for using these particular 
components was that the Lvov laboratory has considerable experience 
assembling layered components using these particular silica particles, PEI 
(poly(ethyleneimine)), PAH (poly(allylamine hydrochloride)), etc. The 
components tested are also the minimal layers necessary to build layered 
silica particles bound to DNA and a targeting layer. 
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Multilayered nanoparticles were constructed with the idea that they 
would eventually be used for molecular programming. Molecular programming 
is a concept that describes giving an individual cell a set of instructions. These 
instructions are similar in concept to a software program that allows the cell to 
effectively deal with a pathogenic process. This endpoint requires the 
deposition of many layers on a single particle. Therefore particles with multiple 
layers were constructed. For example, the overall negative charge of DNA was 
used to bind to the positively charged polymer and this effect was used to 
construct 16 layered nanoparticles which had increasing particle size (Figure 
3.6)* Figures 3.6 and 3.7 outline the composition of each layer and their 
respective thickness. Simple layered nanoparticles (Figure 3.7) were 
constructed to test the efficiency of outer coatings used to facilitate cell entry. 
By using the minimal number of layers (3 with one layer of DNA and 5 with two 
layers of DNA), the number of variables could be minimized. Additionally, 
minimizing the number of layers, maximizes the probability that it will be 
correctly constructed. Figure 3.6 shows a decrease in layered nanoparticle 
diameter after the addition of the first BSA layer. This is due to the washing of 
the particles after each layer deposition. The BSA forms a thick layer of which 
the most is removed through washing. 
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Figure 3.6. Nanoparticle growth, diameter. Graph shows the cumulative 
thickness (y axis in nm) as layers are added (x axis) resulting in approx. 
124nm particles. Size was measured with a zeta potential/sizing. Layers 
include polyethylimine (PEI), poly (sulfonate styrene) (PSS), pEGFP-C1 
(DNA), and bovine serum albumin (BSA). Done in collaboration with the 
laboratory of Dr. Lvov. 
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Figure 3.7. Nanoparticle growth, zeta potential. Chart showing the zeta 
potential of layer by layer as charged layers are deposited on the silica core 
particle, where each point is a layer. Done in collaboration with the 
laboratory of Dr. Lvov. 
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The shape and size distribution of 5 layered nanoparticles were 
determined using Atomic Force Microscopy (AFM) and Transmission Electron 
Microscopy (Figures 3.8 (panel A and B); and 3.9). Atomic force microscopy 
was done at Louisiana Tech University by the Lvov group and gives 
information about the size, shape, and clustering of these layered 
nanoparticles. The electron microscopy data gives similar data and was done 
at UTMB. Both of these techniques were used to confirm the presence and 
physical characteristics of these novel layered nanoparticles. There appears to 
be one prominent group of layered nanoparticles, approximately 106 nm in 
diameter (~30%), which was similar to the estimated size of 126 nm found by 
zeta sizing. Based on TEM images the diameters of the layered nanoparticles 
was estimated to range from 64 to 117 nm (Figures 3.8, panels B and C) 
show a histogram of the diameter data gathered from the TEM images. From 
these data we conclude that this batch of layer by layer nanoparticles has a 
large population of -106 nm particles, but also contains populations of larger 
and smaller layered nanoparticles ranging in size from 124 nm to 70 nm. 
Seventy nanometers is the average size of the core silica particles used for 
these studies. The atomic force microscopy data shown in Figure 3.9 shows 
both small and large clusters of layered nanoparticles. These data also show 
layered nanoparticles within the same size range (70-130 nm). Unfortunately 
there was no way to purify the complete particles. These layered nanoparticles 
were then used in later experiments despite the obvious heterogeneity of the 
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particles produced. These data show that constructing a population of 
homogenous layered nanoparticles without aggregates is not possible using 
this technique unless the protocols were extensively optimized. Some of these 
issues are addressed in later chapters, particularly in CHAPTER 5. Once a 
rudimentary layered nanoparticles construction technique was established 
experiments with the targeting outer layer began. 
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Figure 3.8. Structural analysis of nanoparticles. Panel A represents 
AFM of layer by layer particles constructed with DNA layers and a BSA 
outer coat, with 6 layers in total. Panel B shows the same particles 
analyzed by TEM, while Panel C shows a bar graph containing a histogram 
showing nanoparticle diameter data based on the TEM data. These data 
show aggregates, suggesting that the overall size is much larger than the 
individual particles. Done in collaboration with the Lvov and Popov 
laboratories. 




Figure 3.9: Atomic force microscopy (AFM) of six layered 
nanocapsules with two internal pEGFP-C1 DNA layers coated with 
nothing or galactosamine. Nanoparticles were visualized and measured 
with AFM to determine the size distribution of the particles. The average size 
of these clusters is -160 nm and there appeared to be little variation in the 
size distribution. The left panel is a small cluster of nanoparticles. The right 
panel shows large clusters of nanoparticles. Done in collaboration with the 
laboratory of Dr. Lvov. 
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3.3.3. Development of sugar coated layered nanoparticles for 
targeted delivery of DNA 

To be able to use layered nanoparticles to deliver genes, at least in 
vitro, layered nanoparticles were tested with various outer coatings that were 
chosen to enhance the uptake of the layered nanoparticles by cells. 
Galactosamine was chosen to test a receptor mediated endocytosis method of 
cell entry. This strategy is based on the presence of asialoglycoprotein 
receptors on the surface of liver derived cells, thus facilitating entry of layered 
nanoparticles into the cell (Schwartz 1984). In addition, lipid coating was 
tested as an non-targeting method of delivery. After the initial construction of 
the layered nanoparticles, several batches of six different groups of layered 
nanoparticles (Table 3.1.) were produced with layers of pEGFP-C1 (Clontech, 
Inc., San Jose, CA). The underlying layers were identical to those layered 
nanoparticles described in Figure 3.7. These layered nanoparticles were then 
used to transfect a small number of Huh7 liver cells in culture (Figure 3.10). 
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LBL 


Approx. Size (nm) 


Outer coating 


1 


1500 


VJaldUlUodl llll Ic 


2 


1500 


Lipid 


3 


300 


Galactosamine 


4 


300 


Lipid 


5 


100 


Galactosamine 


6 


100 


Lipid 



Table 3.1. Size and outer coat composition of 
layered nanoparticles. Six nanoparticle samples 
were constructed in order to determine the effect of 
size and outer coating on transfection efficiency and 
cell viability. Nanoparticle clusters 1500, 300, 100 nm 
were constructed. These particles had one of two 
outer coatings: galactosamine or Lipofectamine™ 
2000 (Lipid). Done in collaboration with the laboratory 
of Dr. Lvov. 
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Figure 3.10. Nanoparticle mediated 
transfection of EGFP DNA. Huh7 ceils were 
exposed to sugar coated nanoparticles with 
pEGFP DNA sub-layers. EGFP protein was 
expressed from the DNA transferred by the 
nanoparticles in a small population of cells, 
<1%, therefore only one cell per FOV could be 
photographed. 
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Efficiency of layered nanoparticles transfections were determined by 
assessing the expression of pEGFP-C1 in Huh7 cells exposed to several 
different types of layered nanoparticles which were of varying sizes and outer 
coatings. Fluorescence and confocal microscopy were used to evaluate the 
expression of EGFP and the overall viability of the cells during the experiment. 
Cell health was observed by viewing cellular shape and nuclear morphology. 
Initial studies showed that galactosamine coated layered nanoparticles were 
much less efficient for transfecting cells than those layered nanoparticles 
coated with Lipofectamine™ 2000. Therefore, later experiments utilized more 
of the lipid coated layered nanoparticles than galactosamine coated layered 
nanoparticles. Figure 3.11 demonstrates data from a series of experiments 
which were set up to determine the effects of layered nanoparticles size on the 
delivery of pEGFP-C1 by lipid coated layered nanoparticles. The left panel of 
Figure 3.1 1 reports the transfection efficiency (y-axis) of different amounts (0, 
0.01, 0.5, and 1.0 ul) of layered nanoparticles to Huh7 cells. Three different 
sizes of layered nanoparticles clusters were utilized for these studies, -100, 
300, and 1500 nm diameter. Cells exposed to layered nanoparticles >100 nm 
were in poor health and showed signs of decreased membrane integrity and 
apoptotic nuclei; although some cells did express EGFP. The cells exposed to 
the 100 nm layered nanoparticles appeared healthy and did not show any 
visible signs of toxicity (Figure 3.11, right panel). Very few cells exposed to 
lipid coated layered nanoparticles >100 nm showed visible expression of 
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EGFP. Data from Huh7 cells exposed to galactosamine coated layered 
nanoparticles of varying diameters is shown in Figure 3.12. The left panel of 
Figure 3.12 shows that 100 nm and 300 nm layered nanoparticles were 
capable of delivering EGFP to cells, but not 1500 nm layered nanoparticles. 
Again, the cells exposed to larger layered nanoparticles (>100 nm) showed 
overt visual signs of toxicity including blebbing, compartmentalization, and 
apoptosis (data not shown). The cells exposed to 100 nm layered 
nanoparticles remained healthy throughout the experiments and never showed 
any signs of increased apoptosis (Figure 3.12, right panel). Comparisons 
between the lipid and galactosamine layered nanoparticles showed that while 
lipid coated layered nanoparticles were more effective gene delivery agents, 
they were also more sensitive to size. Cells exposed to galactosamine coated 
layered nanoparticles were more likely to express EGFP from larger layered 
nanoparticles than those cells treated with lipid coated layered nanoparticles, 
10% versus 1%. Additional studies are necessary to confirm this trend and 
testing more coatings has the potential to yield more efficient gene transfer. 



64 



5 
0 





- - ♦ - - Oul 
------- O.OIul 

- -kr - 0.5UI 

— H — 1.0ul 




\ 




>. \ 

V \ ... 







100 300 1500 



nanoparticle size, nm 




Figure 3.11. Effect of size on lipid coated, nanoparticle transfection. Left panel. Graph 
of transfection efficiency (y axis) versus nanoparticle size (x axis) with different 
amounts of nanoparticle solution (inset). Right panel. Fluorescent micrograph of cells 
transfected with lipid coated pEGFP-C1 (EGFP protein is green) containing 
nanoparticles. All cells were counterstained with DAPI (blue). 
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Figure 3.12. Effect of size on galactosamine coated, nanoparticle transfection. Left 
panel. Graph of transfection efficiency (y axis) versus nanoparticle size (x axis) with 
different amounts of nanoparticle solution (inset). Right panel. Fluorescent micrograph 
of cells transfected with lipid coated pEGFP-C1 (EGFP protein is green) containing 
nanoparticles. All cells were counterstained with DAPI (blue). 
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3.3.4. Dual gene delivery by layer by layer nanoparticles 

Next, dual gene layering was used to determine the capability of these 
layered nanoparticles to deliver more than one type of DNA to an individual 
cell. A solution of equal molar proportions of pEGFP-C1 and pDSRed2-C1 
DNA was mixed to create a simple three layered nanoparticle mixture with a 
silica core coated with PEI (poly(ethyleneimine)) and finally with the DNA 
mixture. One microliter of these layered nanoparticles were then further coated 
with a lipid (Lipofectamine™ 2000) and used to transfect Huh7 cells. 
Lipofectamine coated layered nanoparticles were used instead of other 
coatings because of the higher transfection efficiency. It was found that lipid 
coated layered nanoparticles were able to deliver two types of DNA, pEGFP- 
C1 and pDSRed2-C1 to these cells (Figure 3.13). We also observed dual 
labeling in a small fraction of cells (<1%) which were found in clusters and 
were similar to that seen in Figure 3.13. This could be due to large clusters of 
layered nanoparticles settling on the cells. Clustering could also lead to 
decreased transfection efficiency. The poor transfection efficiency of these 
layered nanoparticles precluded quantification. The majority of fluorescent 
cells were green, but as mentioned above there were so few cells transfected 
that quantification was not necessary. These cells were counterstained with 
DAPI. 
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Figure 3.13. Dual gene delivery by layer by layer nanoparticles 

Fluorescent microscopy images of Huh7 cells exposed to lipid coated laye 
by layer nanoparticles containing a layer of a mixture of pEGFP-C1 an 
pDSRed2 DNA. Left panel shows cells positive for EGFP (green). Righ 
panel shows cells positive for dsRed (Red). Less than 1% of cells wer 
fluorescent and of those only a few were double positive. In fact, the grea 
majority of cells were positive for EGFP but not dsRed. All cells wer 
counterstained with DAPI (blue). Images were taken with a 40X objective. 
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3.3.5. Imaging of single fluorescent beads as a surrogate for 
biosensor positive white blood cells 

If successful, injected layered nanoparticles would yield EGFP positive 
cells. In vivo imaging was used to determine if there were large quantities of 
EGFP positive cells. One of the goals of this project was to develop means of 
detecting the level of radiation damage experienced by astronauts during 
space travel. To accomplish this we chose to focus on blood cells as these 
cells flow through the eye and near the skin where they can be assessed for 
biosensor activity. To visualize the individual blood cells in vivo in, the eye, the 
mucosa of oral cavity, and the skin, three distinct optical approaches with 
various degrees of spatial resolution were employed. A fundus scope was 
modified to allow the detection and visualization of EGFP labeled fluorescence 
beads which were mixed with blood and circulated through capillary tubes. 
From the optical point of view, the eye provided the optimum location for the 
detection and visualization of transfected individual blood cells. Figures 3.14 
and 3.15 show our ability to see the presence of EGFP loaded beads in blood 
within a capillary tube. This line of experiments will lead to the ability to 
monitor nanoparticle transfected cells in vivo. 
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Figure 3.14. Imaging of fluorescent beads in blood at a 1:20 dilution in a 
capillary tube. For 20 times dilution (5% Beads, 95% Blood) individual 
beads were visible as bright green spots using Slit Lamp with 10 seconds of 
scanning time. Done in collaboration with the Motamedi laboratory. 
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Figure 3.15. Imaging of fluorescent beads in blood at a 1:100 dilution i 
a capillary tube. For 100 times dilution (1% Beads, 99% Blood), individua 
beads were visible as bright green spots using Slit Lamp with 10 seconds o 
scanning time. Done in collaboration with the Motamedi laboratory. 



3.4. DISCUSSION 

The initial studies with the commercial particles served two purposes, 
the first to start experiments with simple well characterized particles prior to 
working with novel layered nanoparticles. The second use of these studies 
was to determine if antibody mediated targeting was a practical approach for 
nanomedicine applications. From these experiments, we learned that while 
these particles were easy to use, but would require large quantities of 
antibodies for scaled up use in vivo. This was valuable information that was 
considered throughout the remainder of this dissertation. 

We focused on developing layer by layer constructed nanoparticles that 
are capable of delivering multiple payloads to specific populations of cells in 
vivo. The first experiments towards this end were designed to test antibody 
mediated cell targeting. These targeting experiments yielded positive results 
and were succeeded by the development of actual layer by layer 
nanoparticles in collaboration with the help of Dr. Lvov's laboratory, Louisiana 
Tech University, Rustin, LA. 

The layer by layer nanoparticle experiments proceeded from the core of 
the layered nanoparticles outwards. This logical approach gave rise to a 
fundamentally stable layered nanoparticles with which used in several follow 
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up experiments. First, layers were deposited on a silica core particle in such 
that there was built in flexibility with respect to what layer was deposited. In 
fact, up to 16 layers were deposited onto a single core particle. The next 
studies were focused on the outer coating of the layered nanoparticles. Naked, 
galactosamine, and lipid coated particles were tested for gene delivery in vitro 
and in vivo. 

The initial studies focused on delivering these particles to liver derived 
cells, instead of CD95 expressing cells. This is because the layer by layer 
deposition requires a large amount of materials (grams) and .using antibodies 
for the development stage was not practical. Therefore, we turned to sugars, 
which can be purchased in large quantities. Galactosamine was initially 
chosen based on its affinity for the asialoglycoprotein receptor on the surface 
of liver cells. 

The development of these layered nanoparticles began at the core of 
the layered nanoparticles. Three core particles made of either silica or latex 
were tested for toxicity. Of those, only one core particle did not cause 
immediate destruction of the cell membrane, Si. Although this particle did 
induce apoptosis, it was the least toxic of the three tested. Future experiments 
in this lab will focus on developing less toxic core particles for payload delivery 
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to cells. None of the other layered nanoparticles constituents were found to be 
toxic. 

Although layered nanoparticles with many layers (up to 16) were 
constructed, the smaller and less complex layered nanoparticles were found to 
be the most effective vectors for gene transfer. The two most important 
aspects of gene transfer with these layered nanoparticles are (1) size and (2) 
outer coat. An enhanced green fluorescent protein plasmid (pEGFP-C1) was 
used to detect successful transfection. The most effective means for 
transfecting cells appears to be coating small layered nanoparticles (<100 nm) 
with lipid (Lipofectamine™ 2000, Invitrogen, Inc., Carlsbad, CA). The small 
layered nanoparticles had the highest transfection efficiency (-30%). The size 
of these lipid coated layered nanoparticles was; very critical for transfection. 
There was virtually no transfection with lipid coated layered nanoparticles 
greater than or equal to 300 nm in diameter. On the other hand, transfection 
with sugar coated layered nanoparticles seemed less dependant on size, but 
never achieved a transfection efficiency over 15%. These results could be 
strengthened by testing other sugar coatings with the same method of entry. 

The next step was to attempt to deliver genes in vivo with these layered 
nanoparticles. Briefly, a mouse was injected with six layered nanoparticles 
containing pEGFP-DNA. No EGFP fluorescence could be detected in the 
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major organs with in vivo imaging. This was likely due to a very low level of 
transfection efficiency that was below the limit of detection for this in vivo 
imaging system. Furthermore, PCR of the targeted tissue, liver, showed no 
clear evidence of the presence of EGFP DNA. These results clearly show that 
more efficient and better targeted layered nanoparticles are needed for gene 
transfer in vivo. Another contributing factor could be the amount of layered 
nanoparticles injected. More layered nanoparticles and smaller clusters could 
help to increase the transfection efficiency. A higher transfection efficiency will 
also be needed to visualize EGFP positive white blood cells. The preliminary 
data shown in the previous section illustrates that a modified fundus scope can 
be used to detect fluorescent particles the size of cells in a solution of blood. 
Viewing these same solutions in vivo will be more difficult and will require large 
numbers of positive cells. In the end, only a fraction of the white blood cells will 
be successfully transfected with layered nanoparticles; of those only a fraction 
will trigger the biosensor and of those only fraction will be bright enough for the 
detection system to see. For these reasons, it is imperative that future 
experiments need to be focused on the optimization of these technologies. 



75 



CHAPTER 4. DEVELOPMENT OF SEMICONDUCTOR BASED 
NANOCRYSTALS 

4.1. INTRODUCTION 

The previous chapter described both in vitro and in vivo experiments 
with layered nanoparticles constfucted by charged layer deposition. These 
experiments resulted in both positive and negative data. Some of the problems 
with these layered nanoparticles included core toxicity, relatively impure 
particles, no nanoparticle fluorescence, large size, and outer layer assembly. 
Semiconductor nanocrystals were used in the following experiments as part of 
an ongoing collaboration with the Kotov lab from Oklahoma State University. 
These nanocrystals have properties that were used to solve some of the 
problems mentioned above. 

Nanocrystals are relatively non-toxic despite the toxicities of their core 
components. There are likely substantial differences between the toxicities of 
the raw materials and the crystalline structures used in these studies. To date 
there have been no publications that compare the toxicity of the raw 
semiconductor materials and their crystalline counterparts. In vivo 
developmental studies with similar particles showed neither toxicity nor 
developmental problems, even after long term exposure (Dubertret et al. 2002; 
Jaiswal et al. 2003). The nanocrystals are also highly fluorescent and have 
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excellent spectral properties, such as the absence of photobleaching. These 
nanocrystals are also far smaller than their layer by layer counterparts. The 
size of these nanocrystals suggests that they will easily traverse the cell 
membrane. Finally, streptavidin can be bioconjugated to the surface of these 
nanocrystals. The bound streptavidin gives great flexibility with surface 
coatings. Construction of these nanocrystals is fairly straight forward and is 
depicted in Figure 4.9. 

4.2. METHODS 

4.2.1. Targeting molecule conjugation to nanocrystals 

Multiple targeting and cell entry molecules were tested on streptavidin 
coated nanocrystals. In all cases, the targeting molecule was biotin labeled. 
Several biotin labeled targeting agents were evaluated for use with 
streptavidin coated nanocrystals, including anti-CD95 (Southern Biotech, Inc., 
Birmingham, AL), anti-CD81 (Southern Biotech, Inc., Birmingham, AL), and 
two arginine rich synthetic peptides.' The synthetic peptides were synthesized 
at UTMB and both contained N terminal biotin tags. One peptide was 
composed of an 8 residue segment (GRKKRRQRRR) of the HIV tat protein 
and was called HIV-tat. The other peptide was a 6x arginine repeat. The 
targeting molecules were incubated with the nanocrystals at 10:1 
volume:volume with the targeting molecule in excess (5 ^il antibody to 0.5 ^l 



77 



nanocrystals). This volume based method cannot be translated to a 
concentration and was intended as a way to begin to address the problem of 
nanoparticle concentration. This mixture was incubated at 37°C for 30 minutes 
prior to cell treatment. Cells were treated with 5 nl of this mixture for times that 
varied from 30 minutes to 24 hours. 

4.3. RESULTS 

4.3.1. CdTe nanocrystals 

The first step towards developing these nanocrystals for biological use 
was testing their targeting capacity. Nanocrystal preparations containing a 
CdTe core and anti-human CD95 or anti-human CD81 outer coatings were 
initially tested by incubation with cell lines known to express either CD81 or 
CD95. CD95 was chosen as it expressed on the surface of cells shortly after 
radiation exposure. CD81 has been implicated to be involved in viral targeting 
of hepatitis C virus to hepatocytes (Rice and Hagedom 2000). Therefore, 
CD81 was used to target the same cells as the hepatitis C virus. The 
nanocrystal preparations were most stable at pH>8, and after these 
experiments, considered to be incompatible with media designed for cell 
culture (pH=7.5). Initial data showed that uncapped CdTe nanocrystals 
(Figure 4.1) were not stable in media with pH<8. This proved to be 
problematic when experimenting with live cells. Even coating the particles with 
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BSA or antibodies did not appear to help. CdTe nanocrystals were 
microinjected into T24 cells to assess the possibility of using these 
nanocrystals for intracellular targeting. T24 cells are derived from a transitional 
cell carcinoma, these cells were chosen because they constitutively expresses 
CD95 on the surface (Mizutani et al. 1997). Once inside the cells, the 
nanocrystals were assayed for their ability to fluoresce within the cellular 
compartment (Figure 4.2). The particles did retain their fluorescent properties 
within the cytoplasm of cells and were photographed shortly after injection (~1 
minute). 
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Figure 4.1. Nanocrystals under white and UV light Tube contents (fro 
left to right): Dry CdTe nanocrystals coated with BSA/Avidin; CdT 
nanocrystals coated with BSA/Avidin in PBS (pH=7.4); same particles bu 
diluted 1:10 in PBS. 



Figure 4.2. CdTe nanocrystals coated with BSA/Avidin in PBS. Panel 
shows CdTe nanocrystals loaded into a pipette prior to microinjection. 12 
cells were microinjectd with nanocrystals and photographed under light fiel 
(Panel B) and fluorescence conditions (Panel C). 
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These particles were in suspension until injected into the cell culture media. 
When injected into the cell culture media the solution immediately became 
viscous. Because of the unstable nature of these particles at physiological pH, 
we worked to design a more stable particle that had stabilizing outer layers. 
We settled on a particle (from the core out) with a semiconductor core for 
fluorescence, a sulfur cap for stability at physiological pH, and an outer shell of 
streptavidin. The final coat of streptavidin gives flexibility with respect to 
attaching targeting molecules to the surface of the particle. We initially used 
biotin labeled antibodies to target cells. Since antibodies are not cost effective 
for bulk preparation, other more cost effective biotin labeled moieties could be 
used without changing the particle preparation. 

4.3.2. Sulfur capped nanocrystal construction and cytotoxicity 

To improve the stability of the particle under physiological conditions 
nanocrystals were produced with a sulfur cap. The presence and size of these 
particles were confirmed by electron microscopy (Figure 4.3). The size of the 
particles present was determined to be -14 nm and roughly spherical. The 
particles were used in a number of experiments, the first of which were toxicity 
studies. The endpoints examined in these studies were membrane integrity 
and apoptosis (Figures 4.4 and 4.5). MOLT4 cells, expressing CD81 on their 
surface, were exposed to nanocrystals for 24 hours and cells harvested at 1 
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and 24 hours for cytotoxicity assays. Harvested cells were assayed for 
membrane integrity after exposure to nanoparticles at both 1 and 24 hours. 
Cells harvested at 24 hours were also assayed for late stage apoptosis by the 
TUNEL assay. There were no notable differences in membrane integrity after 
1 hour, with respect to the control samples however, after 24 hours, there was 
a remarkable increase in cells showing compromised membranes. There was 
also a modest increase in late stage apoptotic cells, represented as an 
increase in percent apoptotic in the bar graph below. 



82 



Figure 4.3. TEM data on CdTe nanocrystals coated with S, BSA, and 
streptavidin. CdTe nanocrystals were evaluated for size and consistency. 
The particles appeared to be uniform and about 14 nm in diameter and form 
large clusters. 



Figure 4.4. Cell viability and TUNEL assays in cells exposed t 
nanocrystals. BJAB cells were incubated with nanocrystals and cell 
harvested at 1 (Panels A and B) and 24 hours (Panels C, D, E, and F) fo 
both trypan blue dye exclusion (Panels A, B, C, and D) and TUNEL assay 
(Panels E and F). In all time points examined, there were very few cells wit 
compromised membrane integrity. After 24 hours, there appeared to be 
modest increase in TUNEL positive (apoptotic) cells (Panel F) and a larg 
increase in membrane compromised cells (Panel D). 
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Figure 4.5. Membrane integrity and TUNEL positive cell counts. Control and 
nanocrystal exposed cells were evaluated for toxicity with trypan blue dye exclusion 
(Panel A) at 1 and 24 hours (black and gray bars, respectively). Cells exposed for 
24 hours were also assayed for apoptosis with the TUNEL assay (Panel B). 
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4.3.3. Coating nanocrystals for targeting and cell entry 

The next step towards targeted delivery of nanocrystals is the addition 
of targeting moieties to the streptavidin coated outer surface. Therefore, 
streptavidin coated nanocrystals were assayed for their ability to bind biotin 
conjugated antibodies. Protein A coated non-fluorescent 5 beads were 
used to bind antibodies either bound or unbound to nanocrystals. Protein A is 
a surface receptor expressed by Staphylococcus aureus and is capable of 
binding the Fc portion of immunoglobulins, especially IgGs, from a large 
number of species (Boyle et al. 1985). One protein A molecule can bind at 
least 2 molecules of IgG simultaneously (Sjoquist, Meloun, and Hjelm 1972). 
Thus, if the streptavidin on the nanocrystals can bind antibodies, incubation of 
this complex with protein A coated beads should yield fluorescent 5 jam beads 
with the same spectral characteristics as the nanocrystals. In fact, this 
experiment did show fluorescent 5 ym beads, and as expected, nanocrystals 
without antibody did not fluoresce (Figure 4.6). Confocal microscopy data 
from this application showed that the nanocrystals were able to remain 
photostable after prolonged exposure (10 minutes) to high intensity excitation 
wavelengths from a laser light source. 
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Figure 4.6. Verification of antibody conjugation to CdTe/ 
nanocrystals. CdTe particles made of: CdTe core, S, BSA, an 
streptavidin are illuminated with UV light (Panel A, from left dry BSA coate 
particles, BSA coated, and streptavidin coated nanocrystals). Protein 
binds the Fc portion of antibodies. CdTe/S nanocrystals conjugated to anti- 
CD95 bound to non-fluorescent Protein A coated beads (5 urn) (Panel B). 



87 



4.3.4. Nanocrystals targeted to live human cells 

Human cells, BJAB line, constitutively express CD95 on their surface. 
Since CD95 is an early indicator of radiation damage, we conjugated anti- 
human CD95 antibodies to the surface of CdTe/S nanocrystals. This complex 
was then incubated with BJAB cells for 1 hour at 37°C. The resulting 
cell/nanocrystal mixture was then washed three times prior to examination by 
confocal microscopy. Nanocrystal clusters were found on the surface of the 
live human cells and were much brighter than background fluorescence 
(Figure 4.7). In most instances, the nanocrystals appeared to cluster when 
bound to the cells, even more so then when in suspension. Thus, more 
experiments are needed to determine the optimal ratio of nanocrystals to 
antibody. These experiments were not possible because of the lot to lot 
variability of the nanocrystals. Not only were there lot variabilities, but the shelf 
life of these nanocrystals was variable. Some of these issues could be 
addressed by optimizing the storage buffers. These studies are difficult 
because the nanocrystal synthesis is not well characterized at the time of this 
writing. The synthesis protocols are still being optimized as well as the storage 
buffers. These factors make this technology difficult to use, but developing this 
technology for use in biology is very exciting because of the potential uses of 
nanocrystals. 
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Figure 4.7. Anti-human CD95 coated CdTe 
nanocrystals targeted to human cells. BJAB 
cells, which normally express CD95, were 
labeled with clusters of nanocrystals previously 
coated with anti-human CD95. The cells were 
exposed to the nanocrystals for 1 hour prior to 
viewing with a confocal microscope and 
appeared in good condition throughout the 
experiment. 



4.3.5. Photostability of semiconductor nanocrystals attached to 
human cells 

Prolonged exposure (10 minutes) of semiconductor based nanocrystals 
with high intensity UV laser light has been shown to increase fluorescence 
intensity over that of briefly pulsed nanocrystals (Figure 4.8). This property of 
nanocrystals is important for nanomedicine during the developmental stage. 
The increased photostability of these particles should allow long term and 
repeated visualization of nanoparticles within cells. To confirm photostability, 
we conducted an experiment that utilized nanocrystals bound to living cells. In 
this system, the entire field of view was exposed to a high intensity UV laser 
beam and images taken in regular intervals for >630 seconds. Areas on the 
resulting images containing nanocrystals or unlabeled cell or background were 
selected and intensity over time calculated. The background fluorescence 
(dark red and black lines, at the bottom of the graph) quickly decreased, while 
the intensity of the nanocrystals (orange and blue) initially increased, then 
reached a plateau. 
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Figure 4.8. Effect of prolonged UV exposure on nanocrysta 
fluorescence intensity. The fluorescence intensity of nanocrystal 
increased with prolonged UV laser beam exposure (Areas 1 and 2; orang 
and blue lines). Background and autofluorescence intensities (Areas 3 an 
4; dark red and black lines) decreased initially and then reached a lo 
intensity plateau. 
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4.3.6. Optimization of nanocrystal conjugation methods 

The streptavidin coating is critical for these experiments, therefore 
binding of streptavidin coated nanocrystals to biotin coated 800nm non- 
fluorescent polystyrene beads were tested. Nanocrystals were constructed as 
depicted in Figure 4.9. The success of these reactions was evaluated with 
confocal microscopy (Figure 4.10). In Figure 4.10 the black arrow indicates a 
polystyrene bead. From these data we were also able to obtain the emission 
spectra of the particles bound to the biotin coated beads (Figures 4.10 and 
4.11). By using our own custom image analysis software written by Jacob 
Smith, we were able to determine several critical measurements. Firstly, we 
determined the relative fluorescence intensity of only those nanocrystals 
bound to beads (Figure 4.12). Of those, Sample B, E, and F stood out as the 
brightest of the bound particles. Figure 4.13 was derived from a histogram 
that describes not only intensity, but also the relative binding ability of each 
nanocrystal sample. Therefore, the number of beads bound with nanocrystals 
is represented on the y-axis. Therefore, the greater the y-axis value, the more 
beads bound to nanocrystals. The x-axis represents the relative intensity of 
the nanocrystals bound to beads. The larger the intensity value, the brighter 
the bead. The nanocrystal preparation of choice would be the highest of both x 
and y values. With these data in mind we chose sample B (cysteine stabilized 
BSA coated nanocrystals coated with glutaraldehyde conjugated streptavidin) 
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and E (cysteine stabilized nanocrystals coated with NHS conjugated 
streptavidin in EDC) as the most optimal methods for bioconjugation. 
Additionally, sample E appeared to stay in suspension longer, with respect to 
sample B. Although we do not know why these particles fall out of suspension, 
this phenomena is ameliorated by coating the particles with proteins like BSA 
and streptavidin. Because of this clumping problem, the solution of 
nanocrystals contains at least two populations of crystals: monodisperse/small 
clusters and large clumps of nanocrystals that had different spectral 
properties. 
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Figure 4.10. Nanocrystal/streptavidin conjugation methods. Top Pane 
are nomarsky scattering images, bottom Panel are fluorescence emissio 
from 514nm laser light. Panel A, shows beads alone, arrow indicates 1m 
biotin coated bead; Panel B, cysteine stabilized BSA coated nanocrystal 
coated with glutaraldehyde conjugated streptavidin; Panel C, BSA coate 
nanocrystals coated with glutaraldehyde conjugated streptavidin dialyzed 
Panel D, nanocrystals coated with glutaraldehyde conjugated streptavidin 
Panel E, cysteine stabilized nanocrystals coated with NHS conjugate 
streptavidin in EDC; Panel F, cysteine stabilized BSA coated nanocrystal 
coated with NHS conjugated streptavidin in EDC; Panel G, citrate stabilize 
nanocrystals coated with NHS conjugated streptavidin in EDC; Panel H 
citrate stabilized BSA coated nanocrystals coated with NHS conjugate 
streptavidin in EDC. The large green spots are large aggregates o 
nanocrystals. Some clusters cannot be seen with Nomarski scattering. 
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Figure 4.11. Emission spectra of conjugated nanocrystals. Panel A 
cysteine stabilized BSA coated nanocrystals coated with glutaraldehyde 
conjugated streptavidin; Panel B BSA coated nanocrystals coated with 
glutaraldehyde conjugated streptavidin dialyzed; Panel C nanocrystals coated 
with glutaraldehyde conjugated streptavidin; Panel D cysteine stabilized 
nanocrystals coated with NHS conjugated streptavidin in EDC; Panel E 
cysteine stabilized BSA coated nanocrystals coated with NHS conjugated 
streptavidin in EDC; Panel F citrate stabilized nanocrystals coated with NHS 
conjugated streptavidin in EDC; Panel G citrate stabilized BSA coated 
nanocrystals coated with NHS conjugated streptavidin in EDC. 
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Figure 4.12. Nanocrystal bound biotin bead fluorescence. Average 
intensity of biotin coated beads exposed to streptavidin conjugated 
nanocrystals. Sample A, beads alone; Sample B, cysteine stabilized BSA 
coated nanocrystals coated with glutaraldehyde conjugated streptavidin; 
Sample C, BSA coated nanocrystals coated with glutaraldehyde conjugated 
streptavidin dialyzed; Sample D, nanocrystals coated with glutaraldehyde 
conjugated streptavidin; Sample E, cysteine stabilized nanocrystals coated 
with NHS conjugated streptavidin in EDC; Sample F, cysteine stabilized 
BSA coated nanocrystals coated with NHS conjugated streptavidin in EDC; 
Sample G, citrate stabilized nanocrystals coated with NHS conjugated 
streptavidin in EDC; Sample H, citrate stabilized BSA coated nanocrystals 
coated with NHS conjugated streptavidin in EDC. 
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Figure 4.13. Data from an intensity histogram of biotin coated bead 
exposed to streptavidin coated CdSe/CdS nanocrystals. Line A, bead 
alone; Line B, cysteine stabilized BSA coated nanocrystals coated wit 
glutaraldehyde conjugated streptavidin; Line C, BSA coated nanocrystal 
coated with glutaraldehyde conjugated streptavidin dialyzed; Line D 
nanocrystals coated with glutaraldehyde conjugated streptavidin; Line E 
cysteine stabilized nanocrystals coated with NHS conjugated streptavidin i 
EDC; Line F, cysteine stabilized BSA coated nanocrystals coated with NH 
conjugated streptavidin in EDC; Line G, citrate stabilized nanocrystal 
coated with NHS conjugated streptavidin in EDC; Line H, citrate stabilize 
BSA coated nanocrystals coated with NHS conjugated streptavidin in EDC 
This graph shows that the nanocrystal preparation B is the brightes 
nanocrystal that also binds to beads well. 
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4.3.7. Recombinant peptide and antibody targeted nanocrystals 

We tested several nanocrystal targeting strategies in vitro (Figure 4.14) 
These data suggested that by using a biotinylated fragment of the HIV tat 
protein, we could target the nanocrystals to the nucleus of a living human 
white blood cell (BJAB cell line; Figure 4.14 panel C). To a lesser extent, a 
biotin labeled peptide containing a six arginine repeat could target 
nanocrystals to the nucleus (Figure 4.14 panel D). Based on confocal imaging 
data, the streptavidin coated particles alone were capable of entering the cell 
(Figure 4.14 panel B). Labeling the particles with an anti-CD95 antibody 
resulted in both outer membrane and strong nuclear staining (Figure 4.14 
panel E). 
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4.3.8. Photostability of recombinant peptide targeted nanocrystals 
compared to a traditional nuclear dye, Hoechst 33342, to 
nanocrystal stained nuclei 

To verify the presence and photostability of the nanocrystals, a 
photobieaching experiment was carried out (Figure 4.15). During this 
experiment, which lasted >400 seconds, the fluorescence of the nanocrystals 
was far more resistant to photobieaching than the AT binding DNA dye 
Hoechst 33342 (Molecular Probes, Inc., Eugene, OR). These studies are 
important for tracking nanoparticle containing cells over multiple time points 
and for detailed nanoparticle targeting studies. In the future, these 
nanocrystals will be used to target intracellular locations and their ability to 
resist photobieaching will be crucial for repeated confocal and flow cytometric 
analyses. 
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In conclusion, nanocrystals that remain stable in physiological 
conditions have been developed. These particles were coated with 
streptavidin, so that multiple targeting/functional agents could be tethered to 
the outer surface/The coated particles were then used in multiple experiments 
using live human derived cells. These experiments showed that nanocrystals 
can enter cells with or without coatings. 

4.4. DISCUSSION 

Semiconductor cored nanocrystals are currently being developed for 
the field of biology in many different laboratories. These nanocrystals have 
extraordinary spectral properties that have the potential to revolutionize 
fluorescent imaging. Although these particles hold promise, there were some 
substantial hurdles during their development for use under physiological 
conditions. Our first few batches of nanocrystals from Dr. Kotov's laboratory, 
composed of CdTe were stable at pH>8. These nanocrystals had excellent 
spectral characteristics and were easy to bioconjugate. Unfortunately, the pH 
requirement precluded their use in tissue culture. The next series of particles, 
constructed by the Kotov laboratory, were composed of a CdSe core particle 
that was stable at physiological pH. These particles were optimized by the 
Kotov laboratory in collaboration with the Leary laboratory and used for the 
remainder of this dissertation. 
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The problems encountered during the previous chapter using 
polystyrene and silica based particles due to the size and structure of these 
particles were overcome in part by the semiconductor nanocrystals. The small 
size of the nanocrystals was probably the biggest factor contributing to their 
ability to enter the BJAB cells. This cell line was repeatedly exposed to 
commercial lipid/DNA cocktails and could never be transfected (data not 
shown), but nanocrystals were able to enter these cells without any special 
coating. Therefore, further experiments that explore the ability of these 
nanocrystals to transfer genes are necessary before concluding that 
nanocrystals are superior to traditional methods of gene delivery. Interestingly, 
when these cells were exposed to nanocrystals, regardless of coating, some 
of the cells contained large amounts of particles while other cells took up no 
detectable nanocrystals. Our original hypothesis was that most cells would 
take up nanocrystals in a dose dependant manner. This hypothesis was false, 
in low dose cases only a few cells would take up the nanocrystals. Although 
there is no data, these results suggest to a cell regulated uptake of 
nanocrystals. By treating cells with different concentrations of nanocrystals, 
one could better determine if there is a cell dependant uptake of nanocrystals. 
This would help differentiate between cell or nanocrystal mediated uptake. 
Currently, there is very little known about the uptake of these particles. The 
cell density and cell cycle phase may also influence the uptake of 
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nanocrystals. The internalization of nanocrystals appears to not be limited to 
the monodisperse nanocrystals, but also to nanocrystal clusters. This cellular 
characteristic could then be exploited to enhance the uptake of these small 
particles in cells that are notoriously difficult to transfect. 

The next logical step would be to target these particles in vivo. The 
small size and excellent fluorescent properties would be very beneficial during 
these studies. Unfortunately, the CdSe based nanocrystals fluoresce in the 
green wavelengths. Biological material absorbs this region of the spectrum, 
making green fluorescent probes very difficult, if not impossible to use in vivo. 
Recently, through collaboration with the Kotov and Leary laboratories, a new 
nanocrystal, (CdHg/Te) has been developed for biological use. This 
nanocrystal has spectral properties similar to the clinical indocyanin dyes that 
were developed to fluoresce at wavelengths in the near infrared. Although 
these experiments with these particles will not be discussed in this 
dissertation, they are the next step in nanocrystal technology. 
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CHAPTER 5. DEVELOPMENT OF SUPERPARAMAGNETIC 

NANOPARTICLES FOR INTRACELLULAR PAYLOAD DELIVERY AND 
RECOVERY. 

5.1. INTRODUCTION 

The third and final type of particle to be developed for payload delivery 
was based on a superparamagnetic iron oxide core. These magnetic 
nanoparticles were coated with streptavidin and used to deliver genes to cells 
in vitro and in vivo. Later studies provided evidence that the magnetic 
properties of these nanoparticles could be used to rescue the DNA tethered 
magnetic nanoparticles intact. 

This section outlines a simple magnetic nanoparticle based system that 
was modified from a commercially available product. Superparamagnetic 
nanoparticle cores were coated with streptavidin and used for gene transfer as 
they were easily obtainable, simple to construct and the magnetic 
nanoparticles could be purified from the layer components. The layer by layer 
construction of these coated magnetic nanoparticles is shown in Figures 5.1. 
The delivery and recovery of these magnetic nanoparticles is depicted in 
Figure 5.2. Later experiments characterize the purification and analyze the 
completed magnetic nanoparticles. These magnetic nanoparticles were found 
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to have reasonably high expression profiles when compared to the positive, 
DNA alone, and negative, no DNA, controls. Next, fluorescence microscopy 
was used to determine the relative transfection efficiency of these magnetic 
nanoparticles in vitro. Data were then analyzed using a customized image 
analysis software program, written by Jacob Smith which compared the 
relative gene expression between DNA tethered to magnetic nanoparticles 
and free DNA. It was found that intact magnetic nanoparticles could be 
recovered from populations of nanoparticle exposed cells through purification 
and PCR analysis. These magnetic nanoparticles showed promising results 
during in vivo gene delivery experiments. 
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5. 2. MA TERIALS AND METHODS 



5.2.1 . Biotin labeled DNA fragment preparation 

PCR amplification was used to create biotin labeled DNA fragments. 
Oligonucleotide primers were purchased from Integrated DNA Technologies, 
Inc. For initial studies, oligos were ordered with a single biotin tag either the 5' 
or 3' termini. Later studies used only forward oligos labeled with biotin at the 5' 
terminus. These oligos were then used as PCR primers. A typical reaction 
would include 25 (il Red Taq, (Sigma-Aldrich Chemical, Inc., St. Louis, MO), 1 
Hi 5* biotinylated primer (20 pM), 1 \i\ 20 pM 3' primer (20 pM), 1 ul template 
(50 ng), to 50 \i\ with water. The primers were at 200 pM and the template at 
50 ng/nl. A typical reaction for DNA tethering to magnetic nanoparticles would 
include about 25 of these reactions. Typical PCR cycles would include -35 
cycles of denaturing temperature at 94°C for 30 seconds, annealing 
temperature at 65°C for 30 seconds and extension for 2 minutes at 72°C. 

5.2.2. DNA tethered magnetic nanoparticle construction 

Biotin labeled PCR products were tethered to streptavidin coated 
magnetic nanoparticles (Miltenyi Biotec, Inc., Auburn, CA). DNA tethered 
magnetic nanoparticles were constructed as per the manufacturer's 
instructions. The magnetic nanoparticles were incubated with the biotin 
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labeled PCR fragments at the ratio prescribed by Miltenyi Biotech, Inc. The 
ratio of DNA to nanoparticles is 100 ^l of magnetic nanoparticles to 100 pmol 
of biotinylated DNA fragments. Therefore, X \ig of DNA binds 100 fil of 
magnetic nanoparticles, such that X=the length of DNA (basepairs) x 0.066. 
There are approximately 10 streptavidin moieties per particle, resulting in -40 
biotin binding sites on each magnetic nanoparticle. In all experiments the 
amount of DNA remained constant between the DNA only and DNA- magnetic 
nanoparticle treatment groups. Normalizing to the amount of DNA was the 
best way to keep the treatments consistent. This is because the concentration 
of nanoparticles would likely change during the construction phase and there 
was no procedure for quantifying nanoparticles in solution. The mixture was 
allowed to incubate at room temperature for 30 minutes. During that time, the 
magnetic column was prepared by washing once with 100 nl of the included 
nucleic acid buffer and three times with 100 nl Optimem™ (Gibco BRL, 
Burlington ON, Canada). Once washed, the column was loaded with the DNA 
magnetic nanoparticles mixture. The column was then washed three times 
with 100 [i\ Optimem™. The magnetic nanoparticles were eluted by removing 
the column from the magnet and adding 100 \i\ of Optimem™. The resulting 
brownish solution contained DNA tethered magnetic nanoparticles. 
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5.2.3. Lipid coating of DNA tethered magnetic nanoparticles 

The DNA tethered magnetic nanoparticles were coated with 
Lipofectamine™ 2000 as per the manufactures instructions for DNA. The DNA 
tethered magnetic nanoparticles were treated as DNA for lipid coating. Briefly, 
the eluted magnetic nanoparticles were diluted in the appropriate amount of 
Optimem™ (50 [i\ for one well in a 24 well plate) and incubated for 5 minutes 
at room temperature. An appropriate amount of Lipofectamine™ 2000 (2 nl for 
one well in a 24 well plate) was diluted in a separate tube and incubated at 
room temperature for 5 minutes. After 5 minutes, the two tubes were mixed 
gently and combined. This mixture was allowed to stand for 20 minutes before 
added to the cell culture. 

5.3. RESULTS 

5.3.1 . Biotin labeling of DNA fragments 

Biotin labeled PCR primers were used to generate CMV-EGFP-pA 
containing DNA fragments (1.5kb) with 5' biotin labeled (Figure 5.3 Lane A), 3' 
biotin labeled (Figure 5.3 Lane B), and unlabeled (Figure 5.3 Lane C). These 
fragments contain all of the information needed to express pEGFP-C1 from 
within the nucleus and will be conjugated to magnetic nanoparticles for 
transfection. 
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Figure 5.3. Biotin labeling of DNA fragments. 

Agarose gel containing PCR fragments (1.5 kb) with 
5' biotin labeled (Lane A), 3" biotin labeled (Lane B), 
and unlabeled (Lane C). 
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5.3.2. Conjugation of DNA to magnetic nanoparticles 

Streptavidin coated magnetic nanoparticles were incubated with each of 
the DNA fragments and analyzed by agarose gel electrophoresis (Figure 5.4). 
Lanes A, C, and E contained only the PCR product. Lanes B, D and F 
contained magnetic nanoparticles incubated with the PCR fragments. Only the 
DNA in Lanes A to D contained biotin tags. While DNA in lanes E and F 
contained no biotin tag and were therefore used as a negative control and also 
as a DNA only contamination control. The black squares indicate where high 
molecular weight. The dark staining seen in Lanes B and D indicates that the 
DNA was able to bind to magnetic nanoparticles and was now trapped at the 
top of the gel due to its large size. This gel also shows that there is a 
significant amount of unbound DNA present. Because of this, the magnetic 
nanoparticles need to be purified from the contaminating free DNA fragments 
as described in the next section. Lane F. shows that without a biotin tag, there 
is no DNA attached to the particles. 
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Figure 5.4. Conjugation of DNA to magnetic nanoparticles. Agarose gel 
of DNA and nanoparticles. Lanes A, C, and E contain only the PCR product. 
Lanes B D and F contain nanoparticles incubated with the PCR fragments^ 
Lanes A to D contain biotin tags. Lanes E and F contain no biotin tag. Black 
squares indicate where high molecular weight. 
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5.3.3. Removal of free DNA from magnetic nanoparticle/DNA 
solutions 

In these experiments, the mixtures of DNA and magnetic nanoparticles 
were washed 4x to remove unbound DNA using a magnetic column. It was 
found that the magnetic properties of these particles enabled the rapid 
purification of the magnetic nanoparticles from the DNA solution. These 
samples were then run on an agarose gel (Figure 5.5). Lanes A. to C. 
represent only DNA fragments. Lanes D. to F. contain the magnetic 
nanoparticle/DNA mixture. After washing, a portion of the magnetic 
nanoparticles were run onto this gel (Lanes G. to I.). If carefully examined, 
(lower figure) dark staining can be seen only in lanes G. and H. near the 
loading well. This suggests that the free DNA has been removed and only the 
DNA tethered magnetic nanoparticles remain in suspension. 
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Figure 5.5. Purification of DNA tethered magnetic nanoparticles. Lanes 
A to C represent only DNA fragments. Lanes D to F contain the 
nanoparticle/DNA mixture. After washing, a portion of the nanoparticle 
mixtures were also run on this gel (Lanes G to I). The right panel is a 
magnified image of the box around Lanes F to I. 
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EXPRESSION LEVELS OF CELLS TRANSFECTED WITH DNA TETHERED 
MAGNETIC NANOPARTICLES 

After washing, the DNA tethered magnetic nanoparticles were mixed 

with Lipofectamine™ 2000 in order to enhance transfection into cells. This 
complex was then delivered to cells cultured in chamber slides, incubated for 
48 hours, fixed, permeablized, and finally counterstained with DAPI. Slides 
were subsequently photographed under fluorescence using a Nikon CoolPix 
digital camera. The images obtained were then analyzed with an in house 
slide based cytometry software program and the resulting data presented in 
Figure 5.6. Note that all of the values were normalized to the samples treated 
with the EGFP fragment transfected with Lipofectamine™ 2000. The intact 
pEGFP-C1 plasmid was found to express EGFP protein at ~2x the level of that 
seen from the EGFP fragment without a biotin tag. Overall, the expression 
levels of Lipofectamine coated DNA fragments was similar to that from 
Lipofectamine coated nanoparticles tethered to DNA. Finally, the non- 
biotinylated DNA exposed magnetic nanoparticles did not show any 
appreciable expression of EGFP. To date these are the only cells tested with 
these magnetic nanoparticles, but because the results were similar to that with 
DNA alone we expect that the same trend will occur with other cell types. 
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Figure 5.6. Expression levels of GFP from DNA tethered magnetic nanoparticles. In vitro 
gene expression levels are shown as the % of Lipofectamine transfected EGFP DNA (GFP+LA). 
Biotin tagged DNA was also transfected into cells (Biot GFP). Cells transfected with DNA bound 
nanoparticles are labeled BIOT+MAG. All samples were incubated with (LA) or without 
Lipofectamine 2000. DNA was added to an excess of magnetic nanoparticles in an attempt to 
achieve an equamolar ratio between groups. 
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5.3.4. In vitro gene expression with DNA tethered magnetic 
nanoparticles 

Gene expression levels from cells exposed to EGFP tethered magnetic 
nanoparticles was determined by fluorescence microscopy and digital image 
analysis (Figure 5.6). Representative fluorescent images of the cells used for 
Figure 5.6 are shown in Figure 5.7, Panel A. is an image of untreated cells. 
Panels B, C, and D. represent cells transfected with DNA fragments with 5', 3', 
and no biotin tags using Lipofectamine™ 2000. Panels E., F., and G. show 
cells exposed to DNA tethered to magnetic nanoparticles from 5', 3', and no 
(control for free DNA) biotin tags; these magnetic nanoparticles were also 
coated with Lipofectamine™ 2000. 

These data showed that this system is capable of delivering genes to 
the nucleus of the cell and that the transfected DNA can be utilized. The 
tethered genes were able to be expressed in a time frame similar to that seen 
with DNA alone. These results were very encouraging and were the first to 
describe the use of small fragments of DNA in lieu of plasmid DNA. This 
capability is valuable because only PCR products are needed to transfect 
cells, rather than intact plasmids. This allows researchers to rapidly construct 
and test the expression of genes. There were no obvious differences between 
the DNA fragments and their magnetic nanoparticles tethered counterparts. 
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The expression levels of tethered EGFP genes were comparable to that 
with the DNA fragments alone. 
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The results of these experiments show that the intact plasmid DNA was 
capable of the highest EGFP expression levels. The PCR product of the CMV 
promoter, EGFP gene, and a poly (A)-signal showed expression levels at 
about half of that seen with the intact plasmid (80% and 209%, respectively). 
These results were similar to that seen with the same DNA fragment but with 
either 5' or 3' biotin labels. Cells that expressed EGFP tethered to magnetic 
nanoparticles coated with Lipofectamine™ 2000 showed comparable levels of 
expression to those cells exposed to the untethered DNA fragments. Finally, 
cells exposed to magnetic nanoparticles tethered to EGFP without 
Lipofectamine™ 2000 coating had low EGFP expression levels. 

5.3.5. Recovery of DNA tethered magnetic nanoparticles 

This section demonstrates that DNA tethered magnetic nanoparticles 
could be recovered from Huh7 cells. The incubation time was 72 hours post 
exposure to the magnetic nanoparticles. This is important because it shows 
that the DNA remains stable for at least 72 hours in physiological conditions. 
Cells were lysed and the magnetic nanoparticles were purified from the cell 
lysate with magnetic column separation. The magnetic nanoparticles were 
then eluted from the column and concentrated. The resulting solutions were 
then used as templates for PCR reactions. The resulting samples were then 
analyzed by agarose gel electrophoresis (Figure 5.8). 
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The results indicate that the 5' labeled DNA fragments were easily 
amplified by PCR indicating the DNA and the magnetic nanoparticles 
themselves remain stable in cell culture. Experiments with 3' labeled DNA 
fragments yielded few positive results and were therefore not utilized in further 
studies. The DNA fragments not containing any biotin labels were used as a 
negative control and as expected, did not yield any EGFP positive cells nor 
was any DNA amplified by PCR. 
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Figure 5.8. Recovery and PCR of DNA tethered to magnetic 
nanoparticles. Agarose gel showing the PCR products of DNA tethered 
magnetic nanoparticles isolated from within cells. Lane A. 1kb marker; B. 5' 
tethered; C. 3' tethered; D. no tether; and E. positive control. 
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5.3.6. Nanoparticle delivery of genes in vivo 

Translation of a gene delivery technology from an in vitro model to in 
vivo, is notoriously difficult. To track the expression of EGFP in vivo, an in vivo 
rat imaging system was used 48 hours after hepatic injection with the EGFP 
encoding DNA labeled magnetic nanoparticles. Fluorescent tracking agents 
(EGFP) were employed instead of enzymatic reporters. These studies were 
designed to develop an in vivo assay to monitor biosensor activity in living 
animals. In vivo imaging was achieved with a mercury arc lamp for excitation 
wavelengths and the images were captured via a high resolution digital 
camera. It was found that the fluorescence levels noted were below the limits 
of detection for this system, hence 10 |im fluorescent beads were injected into 
the liver of rats to simulate a large number of transfected hepatocytes near the 
surface. This superficial injection of beads were immediately visible (Figure 
5.9 Panel B, upper arrow) with the in vivo imaging system (Figure 5.9. Panel 
A, before; Panel B, after). Figure 5.9 shows the low fluorescence intensity 
observed with a cell tracking dye which was used to mark the site of injection 
(Figure 5.9 Panel B, arrow). 
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While cells transfected with magnetic nanoparticles could not be 
detected in whole liver, Figure 5.10 shows the presence of magnetic 
nanoparticle delivered EGFP in cryosections of rat liver. These three different 
sections show that one or more EGFP positive cells were found within this 
region. There have been cases in which other researchers have reported 
bright autofluorescence of the liver under these conditions that were confirmed 
by an emission scan. Therefore, until these sections are scanned with a 
multispectral confocal, microscope we cannot rule out this possibility. There 
were several sections from the same region that contained one or more 
clusters of EGFP positive cells. Sections from a lobe of the liver not injected 
with magnetic nanoparticles were also examined and did not contain any 
EGFP positive cells. Furthermore, there were several clusters of EGFP 
positive cells surrounding the injection site, but overall the transfection 
efficiency was very low (<1%). This may be due to several reasons including: 
a very short incubation time and relatively small injection volume ~100ul. 
Additionally, there was difficulty finding the exact site of injection. This 
experiment yielded several valuable pieces of information. First, we found that 
the magnetic nanoparticles were able to deliver the EGFP encoding DNA to 
cells in vivo. Second, the number of transfected cells was too small, therefore 
a larger dose of the magnetic nanoparticles may be necessary to achieve 
measurable results. Lastly, a better method for finding the site of injection is 
necessary for more efficient analysis after injection. Finally, it is imperative for 
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the future of this technology that methods be developed to determine 
something similar to an MOI for these magnetic nanoparticles. 
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5.4. DISCUSSION 

The three main findings of these experiments were 1) magnetic 
nanoparticles coated with lipid can be used for effective gene transfer vectors; 
2) days after gene transfer, the DNA tethered particles could be recovered and 
the entire gene amplified by PCR; 3) DNA tethered magnetic nanoparticles 
coated with Lipofectamine™ 2000 could transfer genes in vivo with very low 
efficiency. Cells incubated with these magnetic nanoparticles showed no 
visible signs of toxicity, even though the magnetic nanoparticles are made of 
iron. The ability to isolate these magnetic nanoparticles days after their 
introduction suggests that they are stable within the cellular matrix. This may 
be due, at least in part, to the conjugation of proteins to the core magnetic 
nanoparticles. These proteins could serve as a buffer zone inhibiting contact 
with fouling agents within the cellular milieu. So far, exposure up to several 
days has been explored. Future experiments will define the limits of this 
technology. 

An EGFP encoding DNA fragment was successfully delivered with 
magnetic nanoparticles coated with lipid coating and expressed at levels 
-40% with respect to the linear fragment alone (Figure 5.6). DNA fragments 
with 5' or 3' biotin tags were attached to streptavidin coated magnetic 
nanoparticles. Free DNA fragments were successfully removed through 
washing the particles using a magnetic column. Cells exposed to uncoated 
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DNA tethered magnetic nanoparticles did not express detectable levels of 
EGFP. Cells exposed to DNA tethered magnetic nanoparticles coated with 
Lipofectamine™ 2000 expressed high levels of EGFP. 

One important finding is that the uncoated DNA tethered magnetic 
nanoparticles were able to successfully transfect cells in vitro. Another 
interesting result is that cells treated with the DNA tethered magnetic 
nanoparticles coated with lipid had expression levels well within range of those 
transfected with only labeled DNA fragments and about half of that seen from 
the intact plasmid. These data show that we can effectively express gene 
products from DNA tethered to magnetic nanoparticles in either the 5' or 3' 
configuration. Finally, cells exposed to DNA fragments not labeled with biotin 
and incubated with streptavidin coated magnetic nanoparticles did not show 
any appreciable expression of EGFP, as expected. Therefore the expression 
we observed with the labeled DNA and magnetic nanoparticles was from the 
DNA tethered to magnetic nanoparticles. 

Simple streptavidin coated magnetic particles can be used to deliver 
genes into cells and recover those same genes after expression studies. This 
technology can then be used for screening genetic libraries and determining 
the effects of bio-fouling of the magnetic nanoparticles themselves. 
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Additionally, this magnetic nanoparticles technology is being developed for 
use with the layer by layer paradigm. 

In summary, multilayered magnetic nanoparticles were found to be an 
efficient platform to deliver and recover genes in vitro. These experiments 
showed that magnetic nanoparticles tethered DNA could express EGFP at a 
level similar to free DNA. Lipid coating these particles was a fast and efficient 
way to enhance the uptake and use of the particles both in vitro and in vivo. 
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CHAPTER 6. 



BIOSENSOR DEVELOPMENT AND TESTING 



6.1. INTRODUCTION 

The objective of this chapter is to design and test biosensors for 1) 
toxicity; 2) effectiveness; and 3) adaptability to other systems. These 
characteristics are critical for the biosensor to safely detect the presence of a 
pathogenic process and induce therapy. To this end, protease and promoter 
activated biosensors have been developed and explored. 

Protease, activity is necessary for a plethora of biological systems, such 
as viral replication and apoptosis (Martin and Green 1995; Rice and Hagedorn 
2000). Knowledge of the status of a given protease has been critical for the 
elucidation of many normal and pathogenic processes in biological systems. 
During the last decade much effort has been made to provide researchers and 
clinicians with fast and effective protease assays. These efforts have chiefly 
focused on the development of instrument based assays that utilize cell free 
systems. Viral and apoptotic proteases have been the primary focus of many 
protease activity assays. A small number of cell based assays have also been 
described for use with a limited number of systems, for example hepatitis C 
and HIV (Lee et al. 2003; Lindsten et al. 2001; Mao et al. 2003). The majority 
of these systems are based on cloned viral proteases or replicons that are 
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difficult and time consuming to construct. These systems are difficult to 
generate and time consuming to develop. This chapter describes a novel cell 
based protease activity system that can be produced rapidly and easily 
adapted to multiple systems, including viral and non-viral systems. 

One example of a protease based biosensor system is based on a 
EGFP fusion protein (Lindsten et al. 2001 ). This system specifically targets the 
HIV protease and is based on the ability of a protease precursor to auto- 
catalytically cleave and thereby become active (Lindsten et al. 2001). The 
activated protease is toxic to cells and is therefore difficult to study (Lindsten et 
al. 2001). Thus the addition of protease inhibitors results in the accumulation 
of the EGFP fusion protein. Cells that do not receive protease inhibitors 
succumb to the toxic effects of the activated protein and die (Lindsten et al. 
2001). This HIV protease biosensor strategy can be used for screening 
protease inhibitors but could not easily be adapted for therapeutic use. This 
and similar protease biosensors were designed for screening, but not therapy. 
We feel that our biosensor is more versatile and ultimately more useful than 
other systems because ours can be used for both anti-viral screening and 
therapeutic purposes, whereas others can only be used for anti-viral agent 
screening (Lee et al. 2003; Lindsten et al. 2001 ; Mao et al. 2003). 
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In addition to the protease activated biosensors, this chapter will 
describe the characterization and utilization of promoter based biosensors for 
the detection of oxidative stress. This sensor is to be used to induce the 
expression of DNA repair enzymes during times of increased oxidative stress. 
The antioxidant response element was coupled to a EGFP reporter. Zhu and 
Fahl first adapted this promoter for use as an in vitro assay for cells 
experiencing oxidative stress (Zhu and Fahl 2000). Repeats of the were found 
to enhance the responsiveness of this construct (Zhu and Fahl 2000). The 
most sensitive of the constructs produced contained four repeats of the 
antioxidant response element followed by the EGFP gene and a poly A tail 
(Zhu and Fahl 2000). This construct was obtained from Dr. Zhu, Arizona 
Cancer Center, and put to use in our laboratory. 

6.2. METHODS 

6.2.1 . Biosensor construction 

The tetracycline activated transactivator (tTA) region of pTet-Off 
(Clontech, Inc., San Jose, CA) was amplified by PCR with the primers 
described in Chapter 2.03.1. The cleavage domain for the hepatitis C virus 
NS3/4A protease and localization signal were added to the tTA region through 
three consecutive PCR reactions using the previously described 5' primer and 
three 3' primers. The purpose of the localization signal was to keep the 
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biosensor in the same intracellular location as the hepatitis C virus NS3/4A 
protease, perinuclear. This PCR product was then purified (Qiagen, Inc., 
Valencia, CA) and cloned into a vector containing both CMV and T7 
promoters, pCMV-Script (Stratagene, Inc., La Jolla, CA). The ligated 
constructs were then transformed into bacteria and plated on agar with 
kanamycin (Sigma-Aldrich Chemical, Inc., St. Louis, MO) as a selection 
marker. Individual colonies were then selected the following day, grown in LB 
broth (Sigma-Aldrich Chemical, Inc., St. Louis, MO) and the plasmids were 
isolated in each clone after 16 hours (Qiagen, Inc., Valencia, CA). The 
presence and direction of the biosensor gene was determined through PCR 
and restriction digestion. 

6.2.2. Intracellular localization and co-localization studies 

Huh-7 or hepatitis C replicon cells were transiently transfected 
(Lipofectamine™ 2000, Invitrogen, Inc., Carlsbad, CA) with the biosensor or 
NS3/4A constructs with/without pBI-EGFP (Clontech, Inc., San Jose, CA) and 
subsequently incubated for 24, 48, or 72 hours. Huh-7 cells were derived from 
a human hepatoma (Nakabayashi et al. 1984). An in depth description of the 
hepatitis C replicon can be found in Ikeda et al. (Ikeda et al. 2002). The 
replicon is similar to the Bartenschlager replicon that utilizes a synthetic viral 
mRNA construct that is G418 selectable (Bartenschlager 2002; 
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Bartenschlager, Kaul, and Sparacio 2003; Lohmann et al. 1999; Pietschmann 
and Bartenschlager 2001; Vrolijk et al. 2003). The NS3/4A construct was 
constructed with a CMV promoter upstream and a poly A tail signal 
downstream of the hepatitis C virus NS3/4A gene. After incubation, cells were 
fixed with 4% paraformaldehyde for 10 minutes and permeablized with 0.25% 
Triton X-100 for a further 5 to 10 minutes. Fluorescent immunocytochemistry 
was used to detect the presence of the biosensor within the cell. Briefly, a 
primary polyclonal antibody (Clontech, Inc., San Jose, CA) raised in rabbit to 
the tTA protein was used to stain the cells to assay for biosensor at 1:100 
dilution and the reaction visualized using fluorescent conjugated goat anti- 
rabbit secondary antibodies (Alexa Fluor 488, Molecular Probes, Inc., Eugene, 
OR). Hepatitis C NS3 was detected with a mouse monoclonal anti-NS3 
antibody (Maine Biotechnology, Inc., Portland, ME) and then visualized with 
fluorescent goat-anti mouse conjugated secondary antibodies (Alexa Fluor 
546 or 633, Molecular Probes, Inc., Eugene, OR). Counter staining was used 
to help determine the subcellular localization of the proteins. DAPI was used to 
detect DNA and a fluorescent phalloidin (Alexa Fluor® 546 phalloidin) was 
used to stain actin. All of the counterstaining dyes were purchased from 
Molecular Probes, Inc., Eugene, OR. 
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6.3. RESULTS 



6.3.1. Protease activated biosensors 

6.3.1 .1 . Development of protease activated biosensors 

The protease activated biosensor is based on a tetracycline inactivated 
transactivator (tTA). This protein is an engineered transactivator composed of 
viral and bacterial genes that bind the tetracycline response element. Once 
bound, the transactivator constitutively induces the transcription of 
downstream genes. Tetracycline binds to the transactivator and inhibits the 
induction of transcription in a dose dependant manner. An overview of this 
system is illustrated in Figure 6.1. 
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Figure 6.1. Overview of the tetracycline inactivated system. Th 

tetracycline inactivated transactivator (tTA) induces transcription of an 
gene down stream of the tetracycline response element (TRE), only i 
the absence of tetracycline. Tetracycline binds to the tTA and thereb 
inhibits transcription through inactivation of the tTA. 
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6.3.1 .2. Anatomy of the protease activated biosensor 

The protease activated biosensor is a triple fusion protein consisting of 
transactivator, cleavage, and localization domains that should target the 
protein to the perinuclear region (Figure 6.2). The transactivator region 
functions to activate transcription when released from the localization signal 
that serves as an anchor near the endoplasmic reticulum. This anchored 
protein cannot initiate transcription in the nucleus due to its cytoplasmic 
localization. The cleavage domain separates the transactivator from the 
anchor region and is modeled to mimic the target site of a specific protease. If 
the appropriate protease is present and cleaves the substrate, the 
transactivator is released from the anchor domain end and is free to induce 
transcription in the nucleus. 
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Figure 6.2. Overview of the protease biosensor. The biosensor protei 
is a triple fusion protein containing a tetracycline inactivated transactivato 
(tTA), a protease specific cleavage domain, and a localization signal. Th 
activated protease cleaves the cleavage domain, releasing the tTA. Th 
tTA then localizes to the nucleus and activates transcription of 
predetermined gene. 
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6.3.1 .3. Biosensor gene arrangement 

The first biosensors constructed (Figure 6.3) served as templates to 
which modifications were made to generate other biosensors. This biosensor 
is a protein that can be cleaved by a specific protease and when cleaved, 
becomes able to activate the transcription of a specific gene. All biosensors 
contain the tetracycline inactivated transcription factor (tTA) as activator 
element. The activator domain is coupled to the localization signal (LS) 
consisting of the last 27 amino acids of the hepatitis C E2 glycoprotein (BS- 1 
and BS- 3) or the first 30aa of the hepatitis C NS5A protein (BS-2). The 
localization signal derived from the E2 transmembrane domain was 
hypothesized to anchor the protein to intracellular membranes, whereas the 
NS5A derived signal localizes proteins to the membranes associated with the 
endoplasmic reticulum. The activator domain is separated from the LS by 
means of a cleavage domain (CD) consisting of an optimized hepatitis C 
NS5A/5B cleavage site DWCC/SMSY, specific for the NS3/4A protease. 
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Figure 6.3. Schematic representation of biosensor constructs. Gene 
structure of three biosensor fusion proteins. All of these biosensors contain 
a protease cleavage domain (CD, medium gray) and a tetracycline 
inactivated transcription factor (tTA, black). Each construct also contains a 
localization signal (LS, light gray). BS-1 and BS-3 contain a portion of the 
Flavivirus E2 glycoprotein sequence thought to be responsible for 
membrane anchoring as the LS. The LS in BS-2 is composed of a 30aa 
sequence shown to localize near the endoplasmic reticulum. 
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6.3.1.4. Gene arrangement and construction of protease 
activated biosensors 

The biosensors (BS-1, BS-2, and BS-3) are composed of sequences 
from the tetracycline inactivated transactivator; a short cleavage domain (~9 
amino acids); and a localization domain (either the C terminal region of the 
hepatitis C E2 glycoprotein or the N terminus of the hepatitis C NS5A protein) 
(Figure 6.3). Transcription of these genes is driven by either a T7 or CMV 
promoter (Figure 6.4). The gene arrangements of the three biosensors are 
shown in Figures 6.3 and 6.4 The biosensor genes were verified by restriction 
digest and subsequent agarose gel electrophoresis (Figure 6.5 left panel). A 
plasmid containing the hepatitis C NS3/4A protease was also constructed and 
verified by PCR and subsequent gel electrophoresis (Figure 6.5 right panel.). 
A construct containing only the transactivator and a cleavage domain was 
assembled to test the ability of the transactivator to initiate expression of a 
reporter protein. These experiments were conducted to confirm that the 
addition of a partial cleavage domain would not render the transactivator 
inoperative. The results indicated that the transactivator protein was able to 
induce the expression of a EGFP reporter (Figure 6.6). 
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Figure 6.4. Biosensor constructs. Gene structure of three biosensor 
fusion proteins. All of these biosensors contain the hepatitis C NS5A/B 
cleavage domain (CD) and a tetracycline inactivated transcription factor 
(tTA). Each construct also contains a localization signal (LS). BS-1 and 
BS-3 contain a portion of the hepatitis C E2 glycoprotein sequence thought 
to be responsible for membrane anchoring as the LS. The LS in BS-2 is 
composed of the first 90 nucleotides of the hepatitis C NS5A gene that has 
been shown to localize near the endoplasmic reticulum. 
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Figure 6.5. Construction of the biosensor and protease genes. 

Restriction digest (EcoRI & BamHI) of the BS-1 biosensor gene containing 
plasmid rendered vector, tTA, and localization signal fragments (left panel). 
PCR of a plasmid containing the hepatitis C NS3/4A protease using NS3/4A 
specific primers yielded a ~2kb fragment (right panel). Both panels are 
ethidium bromide stained agarose gels. 
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T7 Promoter tTA CD 

Figure 6.6. Transcriptional activation from the tTA with a partial 
cleavage domain. An EGFP containing reporter gene was co-transfected 
with construct containing the tTA with a partial cleavage domain into T7 
polymerase expressing Huh-7 cells. Resulting green fluorescence can be 
seen in the right panel. 
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6.3.1.5. Intracellular localization of three protease activated 
biosensors 

Plasmids expressing BS-1 , BS-2, or BS-3 were transfected in to BT7H 
cells and immunofluorescence confocal microscopy was used to determine the 
exact intra cellular localization of the three biosensors 24h post transfection 
(Figure 6.7). Nuclei were stained using DAPI while tTA specific antibodies 
labeled with anti-rabbit FITC secondary antibodies where used to localize the 
tTA part of the biosensor. The three BS proteins were found to localize in the 
nucleus, perinuclear, and cytoplasm, respectively (Figure 6.7). Because the 
goals for this biosensor were specifically to target hepatitis C replication 
machinery, further experiments focused on BS-2 and BS-3. This is because 
the viral proteases are localized outside of the nucleus. 
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Figure 6.7. Intracellular localization of BS-1, BS-2, and BS-3 in BT7H 
cells. Confocal images from BT7H cells transfected with BS-1 (Panel A), 
BS-2 (Panel B), or BS-3 (Panel C) were stained for biosensor (red) and the 
DNA counterstained with DAPI (blue). 
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The BS-2 and BS-3 proteins, were associated with small vesicular 
structures (Figure 6.7, Panels B and C). BS-2 and BS-3 were not found 
within the nucleus in the absence of the NS3 protease. Both BS-2 and -3 
showed intracellular localization patterns that were similar to that of previously 
reported Flavivirus proteins, including hepatitis C and West Nile NS3/4A. 
Therefore, BS-2 and BS-3 were selected for further studies. Importantly, the 
biosensor proteins were found to be localized in two distinct cytoplasmic 
regions, which were peri-nuclear or evenly distributed throughout the 
cytoplasm (Figure 6.7). 

6.3.1 .6. Cytotoxicity of the biosensor proteins 
TUNEL analysis was used to determine how toxic the biosensors were 
to cells. Only BS-2 and BS-3 were tested, because hepatitis C replication 
occurs in the cytoplasm and excludes the nucleus. BS-2 induces apoptosis in 
-28% of cells Figure 6.8). The overall transfection efficiency in Huh-7 cells is 
normally 30-40%. Therefore, BS-2 appears to induce apoptosis in a 
substantial proportion of the transfeCted cells. BS-3 only induces apoptosis in 
-5% of cells, making this biosensor the least toxic. Control levels of apoptosis 
in Huh-7 cells typically remain below 1%. Visual inspection of the cells showed 
clear toxicity in cells transfected with BS-2, but not with BS-3. 
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Figure 6.8. Induction of apoptosis by biosensor proteins. 

TUNEL analysis was used to determine the induction of apoptosis 
by either control (Panel A), ER localizing BS-2 (Panel B), or 
membrane localizing BS-3 (Panel C). 
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6.3.1.7. Intracellular localization of BS-2 and BS-3 in the 
presence of the hepatitis C NS3/4A protease 

To determine if the BS proteins co-localized with their target, hepatitis C 
NS3 protease, the expressed BS-2 and BS-3 proteins were examined via 
confocal microscopy. Both BS-2 and -3 appeared to co-localize with hepatitis 
C virus NS3 as shown by dual immunofluorescence staining for biosensor and 
NS3 proteins (Figure 6.9 Panels B and C). These proteins were differentiated 
by specific antibodies and spectrally distinct fluorescent secondary antibodies. 
After observing over 100 biosensor positive cells from three experiments, 
there were two distinct types of biosensor intracellular staining. In 
approximately 20% of the biosensor positive cells, biosensor staining appears 
to be excluded from what appears to be the nuclear compartment (Figure 6.9 
Panels B and C). Biosensor staining in the remaining cells was found 
throughout the cell, including the nucleus (Figure 6.9 Panels E and F). The 
intracellular localization of tTA was examined as a surrogate for tTA released 
from the biosensor proteins by cleavage from the anchor region by NS3 
(Figure 6.9, Panel D). The tTA expressed from pTet-Off (Clontech, Inc., San 
Jose, CA) showed a sub-cellular distribution similar to observed in several of 
the BS- 2 and -3 transfected cells (Figure 6.9, Panels E and F). 
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Figure 6.9. Intracellular localization of BS-2 or BS-3 and flavivirus 
NS3. Protease containing Huh7 cells were transfected with nothing (A), BS- 
2 (B and E), BS-3 (C and F), and pTet-Off (D). Panels B and C show what 
appears be inactivated BS proteins that seem to localize within the 
cytoplasm. Panels D, E, and F show cells with tTA, BS-2, or BS-3 
throughout the entire cell, which indicates activated BS proteins. The cells 
shown in Panel D were transfected with only the transactivator portion of the 
BS protein and therefore serve as a positive control for the activated BS 
protein from either BS construct. Panels D, E, and F were found to have BS 
throughout the z axis, as opposed to Panels B and C that were found to 
have large regions without protease or BS proteins. Because previous 
experiments described the localization of the BS proteins to the nucleus, all 
cells were counterstained with a fluorescent phallotoxin (actin stain, blue) to 
visualize the localization of the BS proteins (green) with respect to the entire 
cell. The NS3 protease was also stained and is shown in red. 
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6.3.1.8. Activity of BS-2 and BS-3 in the presence of hepatitis 
C NS3/4A 

To assess the ability of the hepatitis C NS3 protease to cleave the 
biosensor cleavage domain and allow the transactivator region of the 
biosensor to migrate to the nucleus, we transfected BS-2 and -3 into Huh7 
cells stably infected with subgenomic hepatitis C replicon (Ikeda et al. 2002). 
Cells were transfected with a biosensor expressing plasmid and a reporter 
plasmid containing either EGFP (pBI-EGFP), a blasticidin resistance protein 
(pTRE-Blast), or a luciferase reporter, (pTRE-Luc) (all from Clontech, Inc.). 
These reporter genes will only be expressed under conditions where the 
hepatitis C NS3 protease cleaves off the LS from the tTA domain of the 
biosensor and the tTA is free to activate the inducible promoter upstream of 
the reporter gene. Experiments to determine if the biosensor only induces 
reporter gene expression in the presence of the hepatitis C replicon were 
designed to include Huh-7 cells with or without the hepatitis C replicon. 
Additionally, pTet-Off was transfected with pBI-EGFP or pTRE-Blast served as 
a positive control in all experiments. The resulting cells were analyzed by 
fluorescence microscopy and flow cytometry (Figure 6.10). 

Flow cytometric analysis supported the fluorescence microscopy 
observations described above (Figure 6.10). Briefly, both Huh-7 hepatitis C 
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replicon positive and negative cells were transfected with BS-2 or BS-3 and 
pBI-EGFP. pBI-EGFP alone and with pTet-Off were transfected as controls. 
There was little detectable expression of EGFP from either BS-2 or -3 co- 
transfected with pBI-EGFP within replicon negative Huh-7 cells (Figure 6.10). 
BS-2 was much less sensitive to the hepatitis C replicon than BS-3, only 
showing low levels of EGFP expression after 48 hours. BS-3 was obviously 
positive after only 24 hours in replicon positive cells (Figure 6.10). 48 hours 
after transfecting replicon positive cells with pBS-3, there were -57% as many 
EGFP positive cells, with respect to the positive control minus background 
fluorescence. Therefore, BS-3 is the most responsive sensor protein to the 
hepatitis C subgenomic replicon. 

Figure 6.11 shows fluorescence microscopy photos representative of 
those observations. None of the Huh-7 cells, without the hepatitis C replicon, 
contained detectable levels of EGFP at neither 24 nor 48 hrs PT (Figure 6.11, 
Panels A and B). BS-2 transfected cells showed a low level of EGFP 
activation after 48 hours, however, there was no visible EGFP expression after 
24 hours (Figure 6.11 Panel C). Transfection of the BS-3 expressing plasmid 
showed a more intense, and a more rapid, response in the replicon positive 
cells (Figure 6.11 Panels E and F). Similar results were found in preliminary 
experiments using luciferase or blasticidin reporters (Data not shown). 
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Figure 6.10. Hepatitis C replicon activated biosensor flow 
cytometry data. Values were calculated as the percent of GFP 
positive cells normalized to the pTet-Off/pBI values. Huh7 cells 
are protease/replicon negative and Huh7-RG cells are 
protease/replicon positive. * indicates 0%. 
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6.3.2. Oxidative stress induced biosensor 

Recent work in the area of oxidative stress has yielded some anti- 
oxidant response element based sensors that are capable of initiating gene 
expression only in the presence of oxidative stress inducing chemicals. An 
overview of this system is depicted in Figure 6.12. The reactive oxygen 
species (ROS) induced biosensor is a promoter based system that relies on 
the cellular machinery for the detection of ROS. The cell detects ROS and 
activates transcription factors which bind to specific promoter regions. 
Transcription downstream of these response elements is then activated. The 
construct used was constructed by Zhu and Fahl, 2000. This construct is 
composed of a number of antioxidant response element (ARE) repeats 
followed by a minimal thymidine kinase promoter, ahead of a EGFP reporter 
gene. The sensitivity of the biosensor is dramatically affected by the number of 
ARE repeats, with four repeats giving optimal sensitivity (Zhu and Fahl, 2000). 
The activity of this biosensor can be seen in T24 cells through the addition of 
100 pM tert-butylhydroquinone, an inducer of ROS (Figure 6.13) (Sigma- 
Aldrich Chemical, Inc., St. Louis, MO). T24 cells are a human cell line derived 
from a transitional cell carcinoma that constitutively expresses CD95 on the 
surface (Mizutani et a\. 1997) (American Type Culture Collection, Manassas, 
VA). 
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A stable T24 cell line sensitive to 50-100 ^iM tert-butylhydroquinone 
was created and tested with UVB (up to 1 hour exposure). These cell lines 
were developed in an attempt to increase the sensitivity to UVB exposure. 24 
hours after the UVB exposure, there were no EGFP positive cells (data not 
shown). 30 clones were created and tested for sensitivity to tert- 
butylhydroquinone, a reactive oxygen species inducing agent. These 
experiments resulted in a single sensitive clone named T24-AG (T24 is the cell 
line and AG stands for antioxidant response element followed by EGFP). The 
T24 cell line was chosen for these studies as these cells are resistant to CD95 
mediated apoptosis. This choice was based on the fact that the CD95 protein 
was targeted by the earliest nanoparticles. CD95 is one of the first 
extracellular markers to appear in irradiated cells. Additional studies were 
done to assess the ability of this biosensor to detect ROS induction through 
UVB exposure, but these studies yielded no positive cells. 
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TK-GFP ARE-GFP 




Figure 6.13. ROS Activated Biosensor. The ROS 

sensor (ARE-GFP) and negative control vestor (TK- 
GFP) were transfected into T24 cells. After 24 
hours incubation, the cells were exposed to a ROS 
inducing agent (tert-butyl hydroquinone). 24 hours 
after ROS induction, the cells were photographed 
and evaluated for EGFP expression. 
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6.4. DISCUSSION 



6.4.1 . Protease activated biosensors 

All biosensors contain the tetracycline inactivated transcription factor 
(tTA) as the activator element. The activator domain is coupled to a 
localization signal (LS) consisting of the last 27aa of the hepatitis C E2 
glycoprotein (BS-1 and BS-3) or the first 30aa of the hepatitis C NS5A protein, 
BS-2. The activator domain is separated from the LS by means of a cleavage 
domain (CD) consisting of an optimized hepatitis C NS5A/5B cleavage site 
DVVCC/SMSY (Zhang et al. 1997). 

hepatitis C proteins have previously been reported to be associated 
with lipid laden vesicles, sometimes described as being associated with small 
vesicular structures (Rice and Hagedorn 2000). Similarly, BS- 2 was localized 
in a perinuclear pattern that is similar to hepatitis C structural and non- 
structural proteins. BS- 2 showed a punctuate distribution reminiscent of the 
endoplasmic reticulum. Staining for BS-3 revealed an association with small 
vesicular structures throughout the cytoplasm, while distinct from the nuclear 
compartment. BS-3 appeared to have a disseminated staining pattern, 
distinctly different from the reticular pattern of BS -2. 
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These and the previously described data suggest that the inactivated 
form of the biosensor is excluded from the nuclear compartment, but the 
presence of hepatitis C NS3 can cleave off the LS thus allowing the protein to 
enter the nucleus. All of the hepatitis C replicon cells examined had NS3, but 
the relative amounts appeared to vary. One explanation for the two types of 
staining observed may be that the more NS3 and biosensor present in the cell, 
the more biosensor can be cleaved, thus leading to an increased amount of 
biosensor in the nuclear compartment. This could be the result of the 
variations in replicon expression that is thought to occur during different 
phases of the cell cycle. 

6.4.2. Oxidative stress induced biosensor 

In order to ameliorate the carcinogenic effects of long term exposure to 
radiation, we have proposed to deliver DNA repair enzymes to white blood 
cells. One important problem with this approach is that long term 
administration of these enzymes would be needed to counteract the long term 
exposure to radiation during space travel. 

One alternate approach would be to administer the DNA repair genes to 
the cells that may need those enhanced DNA repair enzymes. In fact the 
penultimate system may be one which is administered once and then only 
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expresses those therapeutic genes only when needed. As a result, the system 
would cease to express the DNA repair enzymes in the absence of radiation. 
To this end, we have begun to develop such a system. In this model there is a 
biosensor element (either DNA or protein sequences) that activates translation 
of a therapeutic gene only in the presence of an environmental insult, which in 
this case is radiation damage. 

These studies show that a stable cell line can be derived without any 
apparent toxicity while maintaining biosensor stability and sensitivity. Thus this 
approach may be suitable for use in vivo. The absence of biosensor activity 
post UV exposure could be due to the length of exposure time and the amount 
of UV exposure actually reaching the cells. Because of the great body of 
literature detailing UV induced oxidative stress (Wenk et al. 2001), it is likely 
that experimental conditions need to be further optimized. Alternately, other 
response elements could be used in this model to achieve the same goal. 
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CHAPTER 7. GENE THERAPY 
7.1. INTRODUCTION 

The third and final goal of this dissertation was to develop novel gene 
therapies to treat either hepatitis C virus infection or radiation induced DNA 
damage. These therapies should be capable of being activated by the 
biosensors described in Chapter 6. Therefore, our strategy was to generate 
therapeutic products through biosensor induced gene expression. This allows 
for many different expression systems to be tested. For the purpose of this 
dissertation, the therapeutic gene would be activated as part of the Tet-off 
system that the biosensors were based on. The tetracycline response element 
would trigger the transcription of the therapeutic gene only in the presence of 
the pathologic process at work. 

Two main therapies were developed for these purposes. The first, was 
developed for the treatment of hepatitis C virus infection. This gene therapy 
approach was based on a targeted ribozyme developed by Kuwabara et al. 
(Kuwabara et al. 2001). Ribozymes are catalytic/single stranded fragments of 
RNA that can bind to a complimentary strand of RNA and cleave -the- 
complimentary strand at a specific site. Ribozymes can be thought of a 
targeted molecular scissors that can deactivate targeted RNA strands through 
cleavage. Kuwabura et al. improved the ribozyme based approach through 
splicing a tRNA sequence to the 5' end of the ribozyme sequence (Kuwabara 
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et al. 2001). This caused the tRNA-ribozyme RNA to be actively exported from 
the nucleus to the cytoplasm where it can be used to cleave the IRES region 
of hepatitis C genome (Figure 7.1). They also added a tRNA promoter so that 
the transcription product would have defined ends and be expressed at a high 
level. 

We further refined this system to meet our own specifications. For the 
biosensor to activate the expression of the ribozyme, the promoter must be the 
tetracycline response element. Unfortunately RNA polymerase II is 
responsible for the transcription of any gene downstream of this promoter and 
this polymerase caps the 5' ends of all transcription products. Therefore, 
through a collaboration with Dr. Rijnbrand at UTMB, self cleaving 
hammerhead ribozymes were developed for use on the 5' and 3' ends of the 
tRNA-ribozyme construct (Figure 7.1). These flanking ribozymes should self 
cleave once expressed and result in a tRNA-ribozyme construct with defined 
ends (Figure 7.1 and 7.3). The purpose of the defined ends and tRNA regions 
of this construct are nuclear export. The stem loop region of the tRNA is 
responsible for its active transport out of the nucleus. Coincidentally, the target 
of this ribozyme based system is one of the stem loops found in the hepatitis C 
virus genome (Figure 7.2, red arrow). The specific target of the ribozyme can 
be found at position 195 of the hepatitis C genome (Figure 7.2) (Lee et al. 
2000). The 5' non-translated region of the viral mRNA genome forms the 
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internal ribosome entry site (IRES) and primarily promotes translation of the 
viral genome (Figure 1.7). The 5' non-translated region including the part 
encoding the IRES is also thought to contribute to viral replication. By cleaving 
the IRES at this particular point, it is thought that there should be a dramatic 
decrease in IRES mediated activity and in hepatitis C virus replication. 
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Figure 7.2. Hepatitis C virus internal ribosome entry site. The 5' end of 
the hepatitis C vims genome is composed of several stem loop structures. 
At the top of stem loop II lb is the ribosome target (195, red arrow). (Adapted 
from Rijnbrand et al. 2001 ). 
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7.2. RESULTS 

The entire cassette (Figure 7.4) was generated through several 
overlapping PCR reactions (Figure 7.5). This was done very efficiently 
because the sequence of the entire construct was around 280 bases long. The 
actual sequence is shown in Figure 7.4. Each PCR cycle was followed by gel 
electrophoresis. The appropriate band was then cut out and purified. The 
resulting DNA was quantified and used as a template for the next reaction. 
Finally, the complete construct was obtained and cloned into a vector (pTRE2, 
Clontech, Palo Alto, CA) that contained the tetracycline response element. 
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Figure 7.5. Construction of the tRNA-ribozyme cassette. The left panel 
shows the primer design. These primers were then used in subsequent 
PCR reactions. The products of these reactions are shown in the panel to 
the left. The left lane is a 100 base DNA ladder. 
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Very few studies were undertaken with this construct due to the lack of a 
model system to test the ribozyme. One of the pilot studies done with this 
construct was an experiment with a hepatitis C replicon positive cell line (Ikeda 
et al. 2002). These cells were transfected with BS-3, pBi-EGFP (an EGFP 
reporter capable of being induced by the TA), and pTRE2-Rz (the ribozyme 
construct) and allowed to incubate for 96 hours. Immunocytochemistry was 
used to probe for the presence of NS3 and the TA portion of the biosensor 
(Figures 7.6 to 7.8). The replicon in these cells was driven with an EMCV 
IRES and neomycin resistance by the hepatitis C virus IRES. Therefore, if the 
ribozyme did cleave the hepatitis C IRES, the replicon mRNA would be 
compromised. This could leave the replicon genome unprotected at the 5' end 
and facilitate the degradation of the genome. 
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Figure 7.6. Hepatitis C NS3 activated biosensor/ribozyme. These 
confocal micrographs show hepatitis C replicon cells transfected with BS-3 
and pTRE2-Rz. The cells were stained with DAPI (blue), anti-TA (specific for 
the biosensor, green), anti-phalloidin (cytoskeleton, yellow), and anti-NS3 
(red). This set of images shows a typical field, where there is visible NS3 
staining in every cell. Each panel shows individual colors and the bottom 
right panel is a composite image. This negative result shows no decrease in 
protease levels. 
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Figure 7.7. Hepatitis C NS3 activated biosensor/ribozyme. 

These confocal micrographs show hepatitis C replicon cells 
transfected with BS-3 and pTRE2-Rz. The cells were stained with 
DAPI (blue), anti-TA (specific for the biosensor, green), anti- 
phalloidin (cytoskeleton, yellow), and anti-NS3 (red). This set of 
images shows two cells, one without the biosensor and one with 
the biosensor. The cell with the biosensor has visibly less NS3 
staining. The bottom panel is a composite image. This image 
shows a decrease in protease levels in a cell with the biosensor. 
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Figure 7.8. Hepatitis C NS3 activated biosensor/ribozyme. Thes 
confocal micrographs show hepatitis C replicon cells transfected with BS- 
and pTRE2-Rz. The cells were stained with DAPI (blue), anti-TA (specific fo 
the biosensor, green), anti-phalloidin (cytoskeleton, yellow), and anti-NS 
(red). This set of images shows several cells, one with the biosensor. The eel 
with the biosensor has visibly less NS3 staining. The bottom panel is 
composite image. This image shows a decrease in protease levels in a eel 
with the biosensor. 
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The results seen in Figure 7.6 are typical with respect to the levels of NS3 
staining seen throughout the cells (red punctuate staining). Figures 7.7 and 
7.8 show a different staining pattern. In these cells, it appears that there is 
visibly less NS3 staining in only biosensor positive cells (green staining). This 
suggests that the ribozyme may be cleaving the hepatitis C IRES in these few 
cells. Of all of the biosensor positive cells (-100 cells examined), this type of 
staining was seen -5% of the time. Therefore only a small proportion of the 
biosensor positive cells examined demonstrated a decrease of NS3 staining 
with respect to the neighboring cells. 

7.3. DISCUSSION 

There were two major findings in this chapter. First, with the tRNA- 
ribozyme construct completed, it seems reasonable to assume that future 
ribozyme construction should be relatively simple and quick. Because of their 
small size a series of the same or different ribozymes could be constructed to 
eliminate specific RNA fragments. We used an optimized hepatitis C virus 
specific ribozyme developed in the late 1990's (Lee et al. 2000). This greatly 
decreased the amount of time necessary to construct the ribozyme described 
in this chapter. Future experiments with this construct will include a hepatitis C 
IRES driven fluorescent protein. This model system will provide the necessary 
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components to further optimize the activity of this gene therapy strategy. 
Note: 

The targeted DNA repair gene therapy was developed by the Lloyd 
laboratory, at UTMB. These experiments were carried out by the Lloyd lab and 
are only touched upon here to be comprehensive. The goal of these 
experiments was to develop a targeted DNA repair enzyme that was more 
efficient than those currently found in humans. To this end a series of bacterial 
DNA repair enzymes were fitted with, eukaryotic targeting sequences. In this 
way, bacterial DNA repair enzymes were targeted to the nucleus and 
mitochondria. Later studies demonstrated that these enzymes were capable of 
repairing DNA damage induced by UV radiation in human cell lines. These 
enzymes were also more efficient than their human counterparts. 
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CHAPTER 8. DISCUSSION 



8. 1. NANOMEDICINE OVERVIEW: A COLLABORA TIVE EFFORT 

Nanoparticle based treatment holds great promise as a multi-step 
approach to treating disease. By using functionally interlaced layers of a 
nanoparticle, we are developing a treatment platform technology which can be 
tailored to specific requirements. Nanoparticle functionality can be thought of 
as being organized from the exterior to the core. The function of the outermost 
layer is generally considered to be targeting and cell entry. Multiple inner 
layers can be composed of biological, chemical, or synthetic materials that 
perform different tasks based on what layer is exposed. In this dissertation, a 
biosensor was developed to monitor levels of a foreign protease or reactive 
oxygen species. This and the accompanying reporter or gene therapy 
constructs will be prime candidates for inner nanoparticle layers. 

Developing a multilayered nanoparticle that does all of the formerly 
mentioned tasks in a prescribed order is a complex project that requires a 
widely multidisciplinary team. The development of these technologies was 
carried out as a collaborative effort between five laboratories. Nanoparticle 
construction was carried out by two labs headed by Drs. Kotov and Lvov. The 
semiconductor based nanocrystals were developed by Dr. Kotov at Oklahoma 
State University, although he recently moved to the University of Michigan, 
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Ann Arbor, Ml. The layer by layer nanoparticles were developed by Dr. Lvov at 
Louisiana Tech University. These investigators were involved in nanoparticle 
development and layering technologies. In vivo and in vitro imaging was done 
in collaboration with the biomedical engineering group at UTMB headed by Dr. 
Motamedi. Targeted gene therapy for DNA damage was developed at UTMB 
by Dr. Lloyd. The multiple technologies developed by these four laboratories 
was then tested and further enhanced by the Lloyd laboratory. Additionally, 
biosensor and magnetic nanoparticle development was carried out exclusively 
in the Leary laboratory. 

8.2. PROJECT RA TIONAL AND MAJOR FINDINGS 

Nanomedicine can be distilled into three discrete elements: delivery 
(nanoparticles), sensor (biosensor), and an affecter (gene therapy). All three 
parts have to work together in order for this strategy to be useful in the clinic. 
These technologies were developed separately in order to reduce inherent 
complexity of the system. This dissertation describes the development of 
these technologies. The development of a nanoparticle delivery system is the 
first logical step, however, in practice each of the three components of the 
nanomedicine system were developed in parallel. 
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8.2.1. Nanoparticle development 

The nanoparticle development evolved into several different 
technologies. The nanoparticle development was broken into three elements: 
the outer coating, inner payload, and core. Initial experiments to develop an 
outer coating used polystyrene beads that were between 300 and 1000 nm. 
These experiments were initially used to test the feasibility of an antibody 
mediated targeting. In order to use antibody mediated targeting, one has to 
find an antigen on the surface of the targeted population; an antibody that can 
correctly identify and bind to that antigen; and finally, that antigen would have 
to be internalized upon antibody binding. Antibody coated particles were easily 
able to attach to the desired cells (Chapter 2.). These criteria, along with the 
cost and concentration limitations lead us to look in other directions for a outer 
coating for the nanoparticles to direct targeting/internalization. To this end two 
more strategies were tested to the criteria for these targeting/internalizing 
moieties were that they had to be: 

1. inexpensive; 

2. available in large quantities; 

3. non-toxic; 

4. target relevant cell populations while inducing internalization when 
bound to the surface of the cell. 
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8.2.2. Nanoparticle coatings 

Viruses are a model example of nanoparticle based gene delivery 
agents. Viral mediated gene delivery is quite efficient and has evolved to its 
host for many years, in some cases millennia. Therefore, it was postulated that 
by attaching the viral structural proteins on the outer surface of the 
nanoparticle, thus minimizing the tissue specificity. Viral proteins are routinely 
generated by recombinant protein expression in bacteria or insect cells. Using 
molecular mimicry to target the same cells as the virus of choice could prove 
to be a very accurate way to target possibly infected cells. This approach, 
however, has several obvious drawbacks, including the cost of membrane 
spanning protein preparations and the orientation of protein attachment on the 
nanoparticle. This is a problem with hepatitis C virus due to the lack of a cell 
culture system. Although, this approach is biologically attractive, it would 
require a large investment to successfully develop and is technically 
complicated. Finally, the toxicity of these proteins or even viral protein 
fragments is unknown. Using viral proteins could not only induce an immune 
response, but also has the potential to cause intracellular toxicity. 

8.2.2.1 . Layer by layer nanoparticle targeting 

A layered nanoparticle coating strategy that utilizes a chemical agent 
agrees well with the previously mentioned criteria. Just such a strategy was 
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developed especially for the early stages of nanoparticle development, when 
large quantities of the coating agent were used to develop and test the 
targeting and delivery system. Because hepatitis C targets primarily liver cells, 
these cells were investigated for endocytotic receptors. Liver cells are widely 
known to endocytose sugars through the asioglycoprotein receptor 
(Chowdhury et al. 1993). This well documented pathway is also known for its 
ability to facilitate the internalization of relatively large complexes. This lead to 
the development of sugar coated layer by layer nanoparticles which were used 
for targeted gene delivery. This strategy is inexpensive and the coatings are 
commercially available in large quantities. Using sugars like galactosamine are 
also nontoxic in low doses. While several different sugar based outer coatings 
were considered for use, none achieved transfection efficiencies rivaling 
liposome mediated gene delivery. This was hypothesized to be partially due to 
the physical characteristics of the layered nanoparticle. 

8.2.3. Semiconductor nanocrystals 

Nanocrystals offer several unique advantages over traditional 
nanoparticles and lipid mediated gene delivery tools. Nanocrystals have 
spectral properties that are especially convenient for in vitro use (Chan et al. 
2002; Dubertret et al. 2002; Jaiswal et al. 2003). These nanocrystals fluoresce 
very brightly and do not photobleach like traditional dyes or fluorescent 
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proteins. Nanocrystals are also small enough (<6 nm) to enter the cell without 
endocytotic signals. Additionally, a multitude of biological moieties can be 
bioconjugated to the surface of nanocrystals. Even with large, biologically 
active molecules conjugated to the surface of these nanocrystals, they remain 
under 20 nm in diameter. With these characteristics in mind, streptavidin was 
bioconjugated to the surface of these particles to give this system the flexibility 
needed for development and testing. The streptavidin-biotin bridge allows for 
bioconjugation of single or even multiple targeting, internalization, and 
therapeutic molecules. The components that are used to generate these 
nanocrystals are relatively inexpensive and commercially available, but there 
is considerable expertise needed for their synthesis. The toxicity of 
semiconductor nanocrystals is currently being explored by many laboratories 
and is discussed in detail during the next section. 

8.2.3.1. Nanocrystal toxicity 

The spectral characteristics of these particles would facilitate the 
development of targeting, sub-targeting, and cell entry strategies. Toxicity of 
the nanocrystals is a major concern as the core of these particles is composed 
of toxic elements. Throughout these experiments the nanocrystals have been 
shown to cause problems with membrane permeability, as demonstrated with 
the trypan blue dye exclusion assay. One reason for this may be the poisoning 
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of the transporter for trypan blue export. The cells do not appear to undergo 
necrosis or apoptosis. In fact, the cells appear to tolerate the nanocrystals 
quite well, allowing for multi-day studies. One concern brought to light by these 
observations was that incompletely coated nanocrystals may slowly release 
the toxic core elements into the cells/media. Although no data has been 
published, these particles do not appear to dissolve in water. This can be 
alleviated by using a different core particle that allows for purification and/or 
does not contain a toxic core particle. 

8.2.4. Magnetic nanoparticles 

The magnetic nanoparticles were tested in this dissertation as they are 
relatively inexpensive, commercially available with a variety of well defined 
and controlled coatings and sizes, well documented in vivo use as contrast 
agents, and can be readily purified with magnetic columns. These 
characteristics make magnetic nanoparticles relatively easy to modify for use 
in these nanomedicine experiments. Magnetic nanoparticles with streptavidin 
conjugated to the outer surface were purchased and adapted for gene 
delivery. Streptavidin was chosen as the linking agent for the inherent ease of 
use and wide variety of biotin labeled molecules available. Although the 
streptavidin-biotin method of conjugation is not as elegant as the layer by layer 
adsorption approach, this system is assured to allow the quick and permanent 
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attachment of molecules to the magnetic nanoparticles. These characteristics 
allowed for the development of a novel gene delivery tool that has many 
different uses, including gene delivery/recovery, and library screening. In order 
to deliver genes into cells with these magnetic nanoparticles we utilized PCR 
fragments containing all of the elements necessary for expression in 
eukaryotic cells. The process of constructing a batch of these particles takes 
less than an hour, making them ideal for development purposes. These 
particles were commercially available with streptavidin already bioconjugated 
and a diameter of 50 nm. The intended use of this particle was to isolate biotin 
labeled DNA or protein. Therefore, this product came with the buffers 
optimized for either DNA or protein binding. Some of the disadvantages to this 
approach are that the DNA is exposed on the surface and that there was no 
targeting specificity. Both of these issues could be overcome by developing a 
more complex coating strategy that both protected the DNA and targeted the 
magnetic nanoparticle. 

8.2.4.1. Magnetic nanoparticle transfection 

The magnetic nanoparticles were initially tested for DNA binding and 
were found to bind a large enough proportion of the DNA to be seen in gel 
electrophoresis experiments (>50 ng) using ethidium bromide to fluorescently 
label the DNA. These particles were then coated with lipid and exposed to 
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cells. Magnetic nanoparticles should not cluster during the DNA layer 
deposition, as there is only one biotin label per DNA fragment. The ability to 
wash the particles during their construction with the aid of magnetic columns 
and optimized buffer solutions played a role in the relatively good transfection 
efficiencies achieved with these particles. The binding conditions necessary 
for efficient DNA binding to magnetic particles has already been optimized, 
therefore there were more magnetic nanoparticles with attached DNA than 
would be possible if these conditions were suboptimal. In future studies, the 
amount of DNA bound to these nanoparticles could be quantified by 
incorporating a restriction site near the biotin tag. This restriction site could 
then be cleaved and the amount of DNA once bound to a volume of 
nanoparticles quantified. This would yield valuable information that could be 
used to better compare transfection efficiencies. Additionally the quantity of 
DNA attached to the magnetic nanoparticles could be determined by 
examining the ethidium bromide staining during gel electrophoresis. 

8.2.4.2. Magnetic nanoparticle recovery from transfected cells 

An unexpected benefit was discovered while using the magnetic 
nanoparticles for gene delivery was that the particles and their tethered genes 
could be extracted from living cells expressing the delivered genes. The novel 
concept of gene delivery and expression analysis followed by tethered gene 
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extraction and purification was explored in some detail and found to be 
relatively easy to implement. Even at the single cell level, specific DNA was 
capable of being recovered in 6 out of 10 cells. Although the system works 
-60% of the time, there was no identifiable PCR fragment 40% of the time. 
This may be due to many causes. The first point at which the system could fail 
is during construction. Although we saw no transfections from the negative 
control, DNA with no biotin labeling, there could be some loosely attached 
DNA /streptavidin that could dissociate later in the experiment. Although the 
DNA should be tightly bound, the intracellular milieu could digest either the 
DNA or the protein necessary for DNA tethering. In this scenario, _cellular 
enzymes could cleave the DNA from the nanoparticle in such a way that the 
promoter and gene are left intact, thus allowing the reporter gene to be 
expressed without being tethered to the nanoparticle. This could be an issue if 
genetic integration could not be tolerated, such as in vivo treatment. Another 
possibility could be that the number of particles-DNA present in the cell was 
sufficient for gene expression, but not recovery. Only the brightest cells were 
isolated for gene recovery to preclude this potential problem. Despite these 
pitfalls, this system appeared to be very robust and proved to be useful for a 
number of studies. 
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8.2.4.3. Library screening with magnetic nanoparticles 

One application for this technology is high throughput screening. A 
library containing protease activated biosensors with different cleavage 
domains could be constructed and tethered to the magnetic nanoparticles. 
This library could be screened in cell culture and the successful candidates 
extracted by fluorescence activated cell sorting, through the use of a 
fluorescent reporter protein. In this scenario the magnetic nanoparticle would 
be a platform from which specific biosensors would be developed. Using this 
paradigm, biosensors for unknown proteases or pathogens could rapidly be 
developed through the use of this library. 

8.2.5. Protease activated biosensors 

The rapid development of protease activated biosensors through the use 
of magnetic nanoparticles is just the first of many steps towards a successful 
nanomedicine strategy. The goal of biosensor development is to give the cell 
the ability to detect and active anti-pathogenic genes when necessary. Equally 
important is the ability to switch off those genes in the absence of the 
pathogen. This ability to turn on and off useful genes is a simple concept, 
however this is far beyond any therapies available today. Current drug and 
gene therapies are controlled by the dosage and not the level of pathogen 
present. With a biosensor present, the pathogen or pathogen induced activity 
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dictates how much of the therapeutic gene is necessary for its own 
termination. The promise of biosensors is to detect pathogenic processes and 
subsequently alter therapeutic dosages in real time, which is not possible in 
today's clinical setting. The concept of the biosensor has been shown to 
function correctly, even though the biosensors described herein do not 
perform at 100% efficiency. In fact, several different types of biosensors have 
been developed through this effort. 

8.2.5.1 . Protease activated biosensor subcellular targeting 

The biosensor protein has to be kept inactive in the absence of the 
protease and this translates to making the protein or very bulky to induce a 
constant state of steric hindrance so the protein can not bind to the targeted 
promoter sequence. An alternate strategy was that the biosensor could be 
targeted to specific membranes thereby anchoring the protein to extra-nuclear 
structures. One of the original strategies was to use the viral protein 
localization signals to target the biosensor to the correct subcellular region. 
The hepatitis C E2 envelope protein is known to co-localize with the replication 
complex that harbored the targeted NS3/4A protease (Rice and Hagedorn 
2000). Therefore, the transmembrane region of the hepatitis C virus E2 
glycoprotein was used as the anchor domain. Studies with this peptide 
sequence coupled to the TA showed a retention of the TA to the endoplasmic 
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reticulum or to cytoplasmic membranes depending on the biosensor 
configuration. The biosensor would localize to what appeared to be the 
endoplasmic reticulum if the membrane anchor was attached to the N 
terminus of the TA (BS-2). Whereas the biosensor with the membrane anchor 
cloned onto the C terminus of the TA protein (BS-2) localized to membranes 
throughout the cytoplasm (Chapter 6.). Toxicity studies showed that with the 
E2 transmembrane region cloned onto the N terminal region, the biosensor 
induced apoptosis in a large proportion of the cells. The alternate version of 
the biosensor (BS-3) was found to be much less toxic and was also capable of 
NS3/4A cleavage. 

8.2.5.2. Protease activated biosensor cleavage domains 

Two biosensors were tested with cells containing the hepatitis C virus 
NS3/4A protease. The results indicated that the least leaky biosensor was BS- 
2. BS-3 showed positive cells earlier, was less toxic, and was found to be 
leakier. Overall the results from these studies were encouraging and lead to 
the development of BS-3 biosensors targeted to different cellular and viral 
proteases, such as the West Nile and Dengue virus proteases and the 
caspases. The relative decrease in the activity of the BS-2 biosensor was due 
in part to the toxicity. Another problem with this biosensor could have been 
that its limited coverage of the cytoplasm led to less biosensor interacting with 
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the protease, with respect to BS-3. Overall, both biosensors were able to 
detect the presence of the targeted protease thus proving the concept of a 
protease activated biosensor is possible and setting the stage for the 
development of second generation biosensors with less background, better 
responsiveness, and decreased toxicity. 

8.2.6. Antioxidant response system based biosensors 

Researchers have been developing promoter based biosensors for 
many years (Blanchard et al. 1993; Blasberg 2003; Uzan, Prandini, and 
Berthier 1995). This is because so many cellular activities are mitigated at the 
promoter level. Many of these studies have focused on determining the 
activities of specific promoters during times of cellular stress induced by 
pathogenic processes (Blanchard et al. 1993; Blasberg 2003; Uzan, Prandini, 
and Berthier 1995). Cloning a reporter gene downstream of the promoter of 
interest is one way of determining the activity under experimental conditions. 
This has been done with a plethora of promoters (Blanchard et al. 1993; 
Blasberg 2003; Uzan, Prandini, and Berthier 1 995). One which was chosen for 
these experiments was based on the antioxidant response element. This 
particular sequence of DNA is targeted by a group of proteins that are 
activated as part of a cellular response to reactive oxygen species (Zhu et al. 
2001; Zhu and Fahl 2000, 2001). Once activated, these' proteins bind to the 
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antioxidant response element, also known as the electrophile response 
element, and trigger the transcription of any downstream genes (Zhu et al. 
2001; Zhu and Fahl 2000, 2001). Researchers from the Arizona Cancer 
Institute cloned this promoter upstream from the EGFP gene (Zhu and Fahl 
2000). Although this construct was able to report the presence of induced 
oxidative damage, the researchers found that repeated response element 
sequences in parallel enhanced the reporter activity. This construct was used 
during this dissertation as a surrogate for a radiation activated biosensor. 

The hypothesis for these experiments was that the radiation 
encountered by astronauts during deep space travel would be modeled in vitro 
with UV light. This model could then be used to evaluate the DNA repair 
enzymes developed by the Lloyd lab (Lloyd et al. unpublished data). If the 
biosensor detected the oxidative stress generated by the UV light exposure, 
then the DNA repair enzymes could be cloned downstream of the promoter 
sequence. The results from these experiments show that this biosensor can 
be used to detect reactive oxygen species and could be further adapted for 
use in the radiation model system. In conclusion, the antioxidant response 
element based biosensor is functional and has many different potential 
applications when implemented within the framework of nanomedicine. 
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8.2.7. Gene therapy 

Modern gene therapy has, to date, focused on the delivery of genes 
delivered through naked DNA/RNA, liposomes, or viral mediated delivery 
(Brenner 1995; Cavazzana-Calvo et al. 2000; Check 2002; Cristiano et al. 
1993; Kaiser 2003; Kennedy and Steiner 1993; Kotin 1994; Pfeifer and Verma 
2001). Gene therapy can be used to add a gene or inactivate an existing 
gene. The nanomedicine paradigm is capable of a more sophisticated Boolean 
type of therapy. This system can only be effective if there is a therapeutic gene 
to be activated. Gene ablation is the chosen therapy for pathogenic viruses. 

8.2.7.1. Targeted ribozymes 

A targeted ribozyme was developed for the treatment of hepatitis C virus 
infection. This pair of molecular scissors was targeted to the 5' region of the 
hepatitis C genome known as the internal ribosome entry site (IRES). The 
IRES regulates viral gene expression and plays a role in viral replication. 
Previous studies have optimized the ribozyme sequences necessary for 
cleavage of the IRES. The targeted ribozyme described within this dissertation 
has three distinct parts. First there are two self cleaving ribozyme sequences 
flanking the ribozyme cassette. The purpose of these flanking sequences is to 
generate defined RNA ends. This function is critical for efficient intracellular 
trafficking, target RNA binding, and cleavage. Next there is a tRNA va , between 
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the 5' self cleaving hammerhead ribozyme and the IRES specific ribozyme. 
This region contains a signaling stem loop domain that causes the ribozyme to 
be exported from the nucleus. The rational behind this segment is that the 
hepatitis C virus replicates in the cytoplasm, excluding the nucleus. The 
ribozyme itself is transcribed within the nucleus and would stay there if not for 
the nuclear export signal of the tRNA segment. Therefore, the tRNA serves to 
target the ribozyme to the cytoplasm, where the tRNA normally functions. 

The literature reports that the addition of the tRNA to the ribozyme does 
not significantly inhibit the activity of that ribozyme (Kuwabara et al. 2001). 
Although the experiments for this section of the dissertation are at the early 
stages, there are some encouraging results. Studies with a hepatitis C replicon 
showed that some biosensor positive cells containing the hepatitis C specific 
ribozyme reporter had virtually no NS3 protease compared to the neighboring 
cells. Whereas, cells with no ribozyme promoter had high levels of NS3 
present and there was very tittle difference in the NS3 levels between cells. 
These results are encouraging and have prompted the construction of a IRES 
driven EGFP construct that will be used to quantify the effectiveness of the 
ribozyme. 
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8.3. NANOMEDICINE CHALLENGES 

Although the concept of creating a synthetic virus was the one of the 
driving forces behind the development of this nanoparticle based system. One 
of the results of this paradigm was adhering synthetic peptide fragments 
derived from viral envelope sequences to the surface of nanoparticles in an 
effort to help create a "synthetic virus". This particular methodology was 
explored early in this dissertation and largely abandoned. The initial work that 
was done in this area focused on the generation of a gene that contained part 
of the hepatitis C virus E2 envelope protein thought to be displayed on the 
outer surface of the virus, fused to a gene that could be used to isolate the 
recombinant protein after expression. Several approaches were explored both 
to clone the gene fusions (several purification methods were considered) and 
express the construct (mammalian, bacterial, and insect cell culture). Although 
there was a sincere effort to carry out this plan, there was not enough time, 
money, or energy to follow through with this plan. The entire effort was a 
tedious and technically challenging project in itself. In the final analysis, the 
concept of putting viral derived proteins on the surface of nanoparticles to 
mimic the virus has potential, but the realization of that goal is fraught with 
problems. There were three main issues that stopped us from pursuing this 
strategy: first, the cost of getting the system going and achieving a reasonable 
level of quality control was overwhelming; second, producing and purifying 
gram quantities of this protein were only reasonable with the bacterial system, 



which could not properly glycosylate the viral proteins; lastly, there is a 
reasonable risk of inducing an immune response when treating animals with 
this type of coated nanoparticle. 

Another targeting strategy explored at the beginning of this project was 
antibody labeled nanoparticles. We initially used antibodies to target 
nanoparticles to cells of interest for many reasons discussed in Chapters 1 
and 2. While this methodology is popular for targeting a multitude of agents (ie 
fluorochromes, drugs, enzymes, etc.), there are some significant drawbacks to 
this approach. One of the most obvious of these is cost and quantities 
available. These issues immediately come into play during the earliest 
meetings between the Leary and nanoparticle construction laboratories. 
Joining the worlds of chemistry and biology was difficult and antibody labeling 
of nanoparticles was among the first of the challenges facing this technology. 
The problems facing chemists synthesizing nanoparticles on a daily basis 
appear to be the opposite to that facing biologists. The chemistry necessary to 
generate layered nanoparticles, thin films, and nanocrystals is based on 
having a great excess of starting materials. This is contrasted by the field of 
biology which uses relatively minute amounts of chemicals to treat living cells, 
tissues, and animals. In essence, chemists routinely deal with grams and a 
milligram is a large quantity to a molecular biologist. This single issue took 
many different forms and as such required many hours of effort on both sides 
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to resolve. In the end, grams of antibody could not be used to coat 
nanoparticles, and when considering scaled up models, this was not a feasible 
long term approach. Therefore, only the earliest experiments utilized 
antibodies. An additional consideration that was not immediately apparent was 
the presence of Fc receptors on white blood cells. The presence of this 
receptor on a cell could lead to binding any nanoparticle labeled with an 
antibody containing the correct Fc portion. This additional consideration also 
helped lead us to the conclusion that antibodies are more of a liability than a 
solution. This is not intended to condemn antibody targeted nanoparticle 
research, but in our case the cost greatly outweighed the benefit. 

These nanomaterial challenges were not limited to the outer layer of the 
nanoparticles by any means. Generating a particle that could transfect cells 
with a reporter gene was one of the first goals of this project. Due to the 
inherent difficulties of this task, the targeting and gene delivery methods were 
carried out in parallel until the gene delivery strategy was successful enough 
to accommodate some level of targeting. In fact, each of the nanoparticles 
explored in this dissertation were very difficult to adapt to the task of delivering 
genes. The layered approach had its own set of unique difficulties. These 
issues began with the selection of a core particle. Dr. Lvov's group supplied 
use with three different core particles to choose from. Those particular 
particles were chosen based on their experience with those specific 
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nanomaterials. The chemistry necessary for the construction of these particles 
was difficult and therefore using a familiar nanoparticle core facilitated the 
charged layer deposition necessary for particle construction. Unfortunately, all 
three particles showed signs of toxicity. This was further complicated by the 
fact that the particles could not be counted by any known means, other than 
by weighing large quantities or by AFM/electron microscopy. The inability to 
enumerate these nanoparticles made experiments very difficult to execute and 
interpret. In fact, there were no nanoparticles used in this dissertation that 
could be counted by any reasonable means. This lead to experimental design 
based on volumes of nanoparticles in place of concentrations. Although this 
drew much criticism, there have been very few suggestions on how to address 
this problem. However, since this work has matured, some strategies are 
currently being adapted from virology to address the issue of nanoparticle 
quantitation biological systems. 

The spectral and fluorescent properties of the semiconductor based 
nanocrystals made them easier to work with in one respect but their tendency 
to cluster and fall out of solution made time a critical issue. Initial experiments 
with CdTe nanocrystals showed that these early preparations were not stable 
at physiological pH. This presented a serious issue that was quickly addressed 
by Kotov laboratory. The following nanocrystal preparations were composed of 
CdSe and external layers were also added to enhance stability under 
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biological conditions. These efforts resulted in a relatively stable nanocrystal 
coated with streptavidin. Unfortunately, these particles were subject to 
clustering and falling out of solution over time. The CdSe nanocrystal 
bioconjugation to streptavidin method was painstakingly optimized. Although 
this nanocrystal optimization helped us to define a better bioconjugation 
protocol, further work needs to be done to prevent the formation of the large 
aggregates. This is now the primary challenge for this technology and the 
focus of current research. 

8.4. NANOMEDICINE LIMITATIONS 

Nanomedicine is designed to add molecular functionality to the cell in 
order to combat disease. This platform technology can be tailored to many 
different circumstances. There are a multitude of infection based diseases to 
which nanomedicine could be applied. There are however many other 
pathogenic processes that nanomedicine could not be applied to, in fact, with 
today's technology, there are many pathogenic processes that would be very 
difficult if not impossible to by treated be cellular re-programming. 

One important limitation of the nanomedicine process is the time it 
takes to detect and react to the pathogenic stimulus. Although the detection of 
the pathogenic process can be considered real time, the cell still has to build 
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the biological components to fight the pathogenic process. This could take up 
to several hours to complete. This may not be enough time to save the cell 
from irreparable damage, but may be faster than scheduling an appointment 
with a physician. 

8. 5. NANOPARTICLE JOURNEYS 

Time is also an issue when considering nanoparticle mediated delivery. 
We have seen that the expression of nanoparticle delivered genes can be up 
to 48 hours later than liposome delivered genes (unpublished observation). 
This delay in gene expression was most notable in both layer by layer and 
magnetic nanoparticles. This delay in gene expression is most likely due to the 
"uncoating" of the layer by layer constructed nanoparticles. In the case of the 
magnetic nanoparticles, the delay in expression could be due to increased 
time necessary for the nanoparticle to arrive in the nucleus. The transport of 
the magnetic nanoparticle to the nucleus may be facilitated by the breakdown 
of the nuclear membrane during cell division. Therefore only the fraction of 
those cells undergoing mitosis would be capable of expressing nanoparticle 
tethered genes at a particular point in time. This would then limit the 
usefulness of this system, such that additional strategies would have to be 
developed to overcome this problem. The other cells may just be harboring 
nanoparticles tethered to genes within compartments outside of the nucleus. 
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8.6. TOXICITY ISSUES 

Toxicity of the nanoparticle components is a critical issue that has to be 
dealt with carefully. Even FDA approved materials can be toxic to cells in 
culture and presumably in vivo. The problems encountered while purifying the 
nanoparticles can lead to increased toxicity once put into cell culture. The 
semiconductor based nanocrystals are a prime example of potential toxicity 
(McKenzie, Arthur, and Beckett 2002; Vinceti et al. 2001). These particles 
appear to be harmless to cells in vitro when properly coated, but could be 
harmful if even traces of the semiconductor materials are present when 
delivered into cells. This is why the purification of the correctly constructed 
nanoparticles is paramount to the reduction of nanoparticle toxicity. 
Additionally, the last layer prior to reaching the core particle could contain an 
excretion molecule as an attempt to get rid of the nanoparticles. In conclusion, 
correctly constructed nanoparticles are no substitute for using non-toxic 
components for nanoparticles, because eventually the layers may break down 
exposing the cell to the nanoparticle components. 

8.7. TARGETING EFFICIENCY 

Correctly targeting cell populations is another critical step in 
nanomedicine. Nanoparticle targeting is a difficult task. Much attention is 
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currently being placed worldwide on this important topic (Benns and Kim 2000; 
Douglas, Davis, and Ilium 1987). The nanomedicine system is unique as we 
have at least two targeting steps, nanoparticles and biosensing. This allows for 
broader and less specific nanoparticle targeting due to the intracellular 
activation by the pathogenic process carried out by the biosensor. These 
nanoparticles also have the ability to be targeted using Boolean logic, i.e. 
AND, OR, etc. By using multiple nanoparticles with these functions, one could 
effectively target rare cells in a fashion similar to rare cell analysis, but in a 
living animal (Leary 1994). This can be accomplished by placing multiple 
targeting agents on nanoparticles and using additional nanoparticles that 
inhibit the biosensor and gene therapy expression. Very accurate nanoparticle 
targeting to cells can be achieved simply by using combinations of positive 
and negative targeting molecules nanoparticles (Leary 1994). 

Some of the major limitations of biosensors and therapeutic gene 
products also include targeting, in addition to toxicity, efficiency, and the 
precision with which they operate. Developing a biosensor or gene therapy 
strategy that both accurately and precisely detects a pathogenic process is a 
difficult task. The biosensor or gene therapy also has to be non-toxic. The first 
biosensors produced during this dissertation were especially toxic, while 
others with the same genetic materials were not. Therefore, thorough toxicity 
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testing is of great importance and can be a significant limitation of this 
technology. 

8.8. FUTURE STUDIES 

The overall goal of this research is to produce an integrated working 
system that can be tailored to a range of pathogenic processes. The fist stage 
of this project is to develop working models for each of the three components, 
nanoparticle delivery, biosensing, and gene therapy. The results from this 
dissertation show some working nanoparticle delivery prototypes, biosensors, 
and novel gene therapies. 

8.8.1. Integration 

The next step for this field of research is to begin to integrate the 
different tools with each other. Each step of integration is significant in its own 
right and will be difficult. This necessity becomes readily apparent when one 
considers that only a fraction of cells are capable of being transfected by 
nanoparticles (-40% at best) and the hepatitis C virus biosensor appears to be 
functional in a fraction of cells (-30%). This results in very few cells with a 
completely functional system. The selection of cell lines for these studies is 
crucial. During this dissertation, the chief cell line of interest was the human 
hepatoma cell line Huh-7. These cells are difficult to transfect with any 
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method, including electroporation and lipid mediated transfection protocols. 
Therefore, they may be a poor choice for integration studies. Cell lines which 
are more susceptible to transfection by common protocols like liposome based 
techniques would likely give more encouraging results. Like most therapies in 
development, there are probably going to be a multitude of problems when 
converting the system for use in vivo. This will likely be the most difficult 
although rewarding part of this project. The human body is a very complex 
organization there for the introduction of a new biological system, no matter 
how beneficial, will not be easy. Although cell culture systems give a clue as to 
how the nanomedicine system will work, only in vivo work will make this effort 
worth while. 

8.8.2. Molecular programming 

Another evolution of this technology is the addition of multiple layers of 
programming on individual nanoparticles. The ability to deposit multiple layers 
of molecular instructions on a single particle is a powerful tool. In combination 
with protective layers that can be triggered to reveal the next coating gives the 
researcher the ability to program the cell with decision tree like logic. This 
could be carried out by utilizing cleavable layers specifically targeted to 
different subcellular compartments. These instructions cannot only be used to 
express genes or detect the cellular status, but also to retarget the 
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nanoparticle from one subcellular locale to another using subcellular 
localization signals. Such a nanoparticle could also be programmed to be 
secreted upon a given signal (such as the SEAP secretion signal), thereby 
targeting other cells. This nanometer sized particle has the ability to become a 
functioning tool capable of very complex operations including cellular 
programming and retargeting on a molecular level. 

8.9. CONCLUSIONS 

Nanomedicine is a novel paradigm that attempts to augment the cell's 
ability to fight pathogenic processes. This method of treatment has several 
characteristics that make it potentially more effective and safer than current 
therapies. Currently, clinicians see patients that are grossly ill and generally 
treat the symptoms of the disease until the ailment resolves. Some illnesses, 
such as cancer, require surgery or worse yet radiation or chemotherapy. 
These are not individual cell specific therapies, but in most cases the 
physician treats the entire patient, thereby attempting to kill the cancer cells 
faster than the normal cells. The goal of nanomedicine is therefore to give 
individual cells the ability to treat themselves through molecular programming. 
This genetic software can then provide the effected cells with the information 
to build the hardware, i.e. ribozymes/DNA repair enzymes, necessary to 
maintain normal cellular function. 
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This dissertation describes the development the basic molecular 
software needed to prove the feasibility of the nanomedicine paradigm. The 
individual components needed for a nanomedicine based therapy are a 
targeted delivery system, pathological sensor, and finally a therapeutic 
response. These three components have been developed and shown to work 
in vitro within this dissertation. Although these technologies are at their earliest 
stage, these data represent the starting point for second generation 
nanomedicine tools. The overall purpose of this dissertation was to conceive, 
build, and test the feasibility of each individual component of this system. 
These goals were reached and the tools developed herein will continue to be 
refined and integrated in a working nanomedicine based system. 
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Summary 

Complex, multilayered nanoparticles hold great promise for more sophisticated drug/gene 
delivery systems to single cells. Outermost layers can include cell targeting and cell-entry 
facilitating molecules. The next layer can include intracellular targeting molecules for precise 
delivery of the nanoparticle complex inside the cell of interest. Molecular biosensors can be used 
to confirm the presence of expected molecules (for example signs of infection, ROS activation in 
radiation damage, etc.) prior to delivery of counter-measure molecules such as drugs or gene 
therapy. They can also be used as a feedback control mechanism to control the proper amount of 
drug/gene delivery for each cell. Importantly, the full nanoparticle system can be used to prevent 
any cells from encountering the drug unless that cell is specifically targeted. Thus, if a cell is 
initially non-specifically targeted, a secondary check for other molecular targets which must also 
be present inside the target cell of interest can be used to catch initial targeting mistakes and 
prevent subsequent delivery of treatment molecules to the wrong cells. The precise intracellular 
location of nanoparticles within specific regions of a cell can be confirmed by 3D multispectral 
confocal microscopy. These single cell molecular morphology measurements can be extended 
from individual cells, to other cells in a tissue in tissue monolayers or tissue sections. 

Introduction 

Existing gene delivery systems have a variety of limitations (De Smedt, Demeester et al. 
2000). These systems are designed to eliminate an infection by transferring a therapeutic gene to 
host cells, however, they have been are largely unsuccessful since only low doses of genetic 
material can reach the specific cell types that are infected. Increased side effects also include the 
treatment of non-infected cells with high levels of genes and the host cells reacting to the carrier 
molecules associated with their delivery. To date, the available gene delivery systems reported 
have been those that contain retroviral vectors, are liposome based, or are systems in which 



naked DNA, RNA and modified RNA have been injected directly into the blood stream, all of 
which produce many undesirable side effects which can compromise the treatment of patients. 
Retroviral vectors have potential dangerous side effects which include incorporation of the virus 
into the hosts immune system and hence, have been less successful than originally hoped (De 
Smedt, Demeester et al. 2000). Liposome based gene transfer has relatively low transfection 
rates, are difficult to produce in a specific size range, can be unstable in the blood stream, and are 
difficult to target to specific tissues (De Smedt, Demeester et al. 2000). Injection of naked DNA, 
RNA, and modified RNA directly into the blood stream leads to clearance of the injected nucleic 
acids with minimal beneficial outcome (Sandberg, Sproul et al. 2000). As such, there is currently 
a need for a gene delivery system which has minimal side effects but high affectivity and 
efficiency. One such system could be that of the self-assembled nanoparticles coated with 
targeting biomolecules (Lvov and Caruso 2001). 

Nanoparticle complexes, while still in their infancy as a new bionanotechnology, hold great 
promise for more sophisticated and targeted and controlled drug/gene delivery to specific cells. 
Merely delivering the drug/gene to a cell surface by conventional targeting does not insure that it 
is delivered to the site of required action within the cell. The nanosystems can contain 
intracellular targeted molecules that re-direct the nanomedical system to the correct intracellular 
location for specific molecular and biochemical actions. The interior of a cell is approximately a 
billion times larger than the volume of an individual nanoparticle. Prior studies using confocal 
microscopy can insure that the drug/gene is targeted to the correct location within single cells. 

Molecular biosensors can confirm the correct targeting, sense the environment to provide an 
initial control of drug/gene delivery, and then shut off this delivery when the desired response 
inside a single cell is reached. These secondary checks for correct targeted and control of 
drug/gene delivery can be used to help minimize "bystander" effects now common as "side 
effects" in conventional drug administrations. 

Two major biological models were chosen as vehicles for development during this project: 1) 
the Hepatitis C virus (HCV) infection of single cells, and 2) cellular radiation damage to single 
cells accumulated during long term/deep space missions by astronauts. In the case of the HCV 
infection model, one expression product of these constructs, the biosensor, is targeted to the 
same sub-cellular location as the HCV translation machinery and monitors for the presence of 
the HCV. Only when detected, would the expression of an anti-HCV gene product be triggered. 
For the DNA repair component of this project, the aim was to develop a gene therapy technique 
which would provide increased in vivo protection against radiation damage to the blood and bone 
marrow of astronauts who experience long term/deep space missions. The primary goal was to 
develop an in vivo intra-cellular DNA repair system for radiation damaged cells in astronauts 
before they progress to radiation induced leukemia. This system would therefore use a promoter 
based sensor which could detect the presence of reactive oxygen species (ROS). When ROS is 
present, the sensor would trigger the transcription of foreign DNA repair enzymes, which may be 
more efficient and effective than our innate DNA repair system. 

The approaches described in this paper are advantageous for the following reasons: (1) these 
techniques have the ability to deliver genes with targeted particles that cannot replicate and are 
biodegradable; (2) the therapeutic gene generated can be silenced at any time by the addition of 
tetracycline; (3) the amount and duration of the gene therapy developed can be controlled 
without having to treat the individual with extremely high non -physiological doses of harmful 
drugs, as is currently being done with ribavirin/interferon therapies and chemotherapy for cancer; 
(4) the gene therapy products are only specifically expressed when the pathogen or radiation 



damage is present in the cell; (5) the anti-HCV treatment is genuinely specific for HCV, thereby 
minimizing side effects. 

Nanoparticles capable of delivering DNA payloads were developed from different core 
components. Biosensor platform technology was developed in a way that facilitates the rapid 
development of biosensors for other applications. In vitro experiments were designed to test the 
feasibility of a protease activated biosensor. 

Materials and Methods: 

Overview of Methods 

This work is part of a general program for development of nanomedical systems for both 
diagnostics and therapeutics. Multilayered nanoparticle systems are usually, but not always, built 
on a nanoparticle core of polystyrene, silica, gold or other material. Drug or genes, molecular 
biosensors, and extracellular (as well as intracellular) targeting molecules can be added to the 
nanoparticles to construct a "nanomedical system". 

Nanoparticles 

The details of nanomaterials science are beyond the scope of this paper. But briefly, multilayered 
nanoparticle systems are usually, but not always, built on a nanoparticle core of polystyrene, 
silica, gold or other material. These nanoparticles are self-assembled atom-by-atom or molecular 
layer-by-layer (LBL). Additional layers can be added containing drugs or genes to deliver, 
molecular biosensors, and targeting molecules (including both extracellular and intracellular). 
Two types of nanoparticles were used in this work - nanocrystals and nanocapsules. 
Nanocrystals, self-assembled atom-by-atom and made of semiconductor materials such as CdTe 
from the laboratory of Dr. Kotov, were used to provide very small (7-10 nm diameter) 
nanoparticle delivery systems. They also have advantages in terms of brightness of fluorescence 
and absence of photobleaching during confocal microscopic analyses. Nanocapsules, typically 
self-assembled layer-by-layer using alternately charged polymers from the laboratory of Dr. 
Lvov, are typically much larger - on the order of 100 nm in diameter. These nanocapsules can be 
with or without solid cores and have a larger capacity for holding drugs or genes in their interior. 
The polymers can also be made from biodegradable polymers, some of which already have FDA 
approval for in-vivo human use. Layer by layer nanoparticles are formed around a core particle 
(Lvov, Antipov et al. 2001; Lvov and Caruso 2001). The layers are held together by the charge 
of the individual molecules, thus they are composed of alternating positive and negative charged 
species (Lvov, Antipov et al. 2001; Lvov and Caruso 2001). One benefit of using this type of 
particle is that once constructed, the particle core can be suspended and then made porous by 
changing solvents without damaging the layers. Incubating these porous nanocapsules with 
dissolved chemicals, one can load the nanocapsules through diffusion. Once loaded, the 
nanocapsules can be made non-porous by changing the solvent, thereby encapsulating the 
chemical of choice. Through this technique one can encapsulate fluorescent dyes and possibly 
other molecules (Lvov, Antipov et al. 2001; Lvov and Caruso 2001). Reporter genes may also be 
used as an interior layer because of the inherently negative charge of DNA. Additional layers of 
targeting molecules may then be added to help direct the particle to the correct cell types (Lvov, 
Antipov et al. 2001; Lvov and Caruso 2001). 



Molecular biosensors 

A number of molecular biosensor strategies were tried. For detection of reactive oxygen species 
in chemically or radiation-damaged cells, an ROS molecular biosensor constructed based on 
previously reported sequences (Zhu and Fahl, 2000). This paper briefly describes the 
characterization and utilization of promoter based biosensors for the detection of oxidative stress. 
The ROS biosensor is being used to identify and help induce the expression of DNA repair 
enzymes during times of increased oxidative stress. The antioxidant response element was 
coupled to an EGFP (enhanced green fluorescent protein) reporter. Zhu and Fahl first adapted 
this promoter for use as an in vitro assay for cells experiencing oxidative stress. The most 
sensitive of the constructs produced contained four repeats of the antioxidant response element 
followed by the EGFP gene and a poly A tail (Zhu and Fahl 2000). This construct was obtained 
from Dr. Zhu, Arizona Cancer Center, and put to use in our laboratory. 

The protease activated biosensor is a triple fusion protein consisting of a transactivator, 
cleavage, and localization domains that should target the protein to the perinuclear region. The 
transactivator region functions to activate transcription when released from the localization 
signal that serves as an anchor near the endoplasmic reticulum. This anchored protein cannot 
initiate transcription because of the cytoplasmic localization, thus the transactivator is restrained 
such that it cannot move to the nucleus and bind to DNA. The cleavage domain separates the 
transactivator from the anchor region and is designed to the enzymatic activity of a specific 
protease. If the appropriate protease is present and cleaves the substrate, the transactivator 
released from the anchor domain end is then free to induce transcription within the nucleus. 

Confocal microscopy 

Multispectral confocal microscopy was used as a validation tool for both nanoparticle/ biosensor 
targeting and intracellular localization. Since multiple fluorescent colors were used to label 
biosensors, cell membranes, endoplasmic reticulum and nuclei, it became necessary to use a 
multispectral confocal microscope that could deal with the color optical overlaps. The method of 
spectral deconvolution was developed at JPL/Cal Tech (Pasadena, CA) and this patent (Bearman 
et al. 2002) was implemented in a new generation of multispectral confocal microscope (Model 
510 META, Zeiss, Inc.). The basics of the method are shown in Figure 1 . The "emission 
fingerprinting" algorithm (Bearman et al. 2002) works by fitting the spectral components over 
low or non-overlapping portions of the combined spectrum of a multicolor image. The 
components are appropriately weighted so that the combination of color components matches the 
overall spectrum from the image pixel-by-pixel in each image plane. 




Figure 1: A schematic and illustration of the spectral unmixing algorithm implemented 
on the Zeiss 510 META multispectral confocal microscope used for this work. 



Results: 

Nanoparticle targeting: 

Initial experiments were conducted to compare the behavior of conventional antibody staining 
and nanoparticle labeling. In Figure 2A, live human BJAB cells were labeled with FITC-labeled 
anti-CD95 IgG whereas in Figure 2B, live BJAB cells were labeled with unlabeled anti-CD95 
IgG and then incubated with 500nm polystyrene-labeled nanoparticles containing a goat anti- 
mouse secondary antibody against IgG. The nanoparticle labeling system showed similar results 
to that of the conventional antibody labeling system. 

To test the targeting accuracy and efficiency of the nanoparticle system, we first labeled non- 
targeted, CD95-negative, MOLT-4 cells with CMAC, a fluorescence tracking dye (Molecular 
Probes, Eugene, Oregon). A mixture of CD95 positive BJAB cells labeled with anti-CD95 
antibody (non-fluorescent) and MOLT-4 cells was made. Green fluorescent nanoparticles (as 
described in Figure 1) were then added to the cell mixture. Figure 3 A shows a 10X objective 
phase-fluorescence photomicrograph of the combined mixture of cells and nanoparticles. Figure 
3B shows a 40X two color fluorescence only photomicrograph. While not all of the CMAC- 
negative BJAB cells were labeled at this ratio of nanoparticles and cells (Figure 3 A), none of the 
CMAC-positive, CD95-negative MOLT-4 cells bound nanoparticles (Fig. 3B). 
The MOLT4 cells were used as a negative control because they do not normally express CD95 
on their surface whereas BJAB cells were used as a positive control because most, but not all, 
BJAB cells constitutively express CD95 on their surface. Only the BJAB (unstained) cells, that 
are CD95 positive, were bound to the green particles. 

Biocompatibility of nanoparticles 

While molecular membrane transport facilitating sequences were being developed, the 
biocompatibility of CdTe semiconductor material nanocrystals to living T24 human cells was 



tested by direct microinjection of nanocrystals into living cells using a Narashige microinjection 
system mounted on to an inverted phase-fluorescence microscope (Nikon) as shown in Figure 4. 
Initial results showed considerable cytotoxicity in the absence of biocoatings being applied to the 
nanoparticle surface. This led to a search for appropriate biocoatings for the nanoparticles. Either 
galactosamine or Lipofectamin 6 reduced this cytotoxicity to controls. 

Molecular Biosensor Design 

The successful design and construction of a triple fusion protein molecular biosensor that detects 
its target on the basis of protease sensitivity to sequences of the target is shown in Figure 5. The 
overall biosensor construct must contain a subcellular domain localization sequence, a cleavable 
segment that is activated upon contact with the intracellular target sequences, and a gene which 
is then released to target to the nucleus to be produced under the action of promoter sequences. 
The data obtained by use of this construct is shown in Figure 6. Measurements were made of the 
intracellular localization of BS-1, BS-2, and BS-3 (three different sequences) targeted molecular 
biosensors in BT7H cells. Confocal images from BT7H cells transfected with BS-1 (Panel A), 
BS-2 (Panel B), or BS-3 (Panel C) were stained for biosensor (red) and the DNA counterstained 
with DAPI (blue). The results show successful targeting to the nucleus, to the endoplasmic 
reticulum, and to the plasma membrane. 

Intracellular Localization of Molecular Biosensors 

Three color multispectral confocal intracellular co-localization of molecular biosensors and NS3- 
specific flavivirus protein in Huh7 cells (Figure 6). Protease containing Huh7 cells were 
transfected with nothing (A), BS-2 (B and E), BS-3 (C and F), and pTet-Off (D). Panels B and C 
show what appears be inactivated BS proteins that seem to localize within the cytoplasm. Panels 
D, E, and F show cells with tTA, BS-2, or BS-3 throughout the entire cell, which indicates 
activated BS proteins. The cells shown in Panel D were transfected with only the transactivator 
portion of the BS protein and therefore serve as a positive control for the activated BS protein 
from either BS construct. Panels D, E, and F were found to have BS throughout the z axis, as 
opposed to Panels B and C that were found to have large regions without protease or BS 
proteins. Because previous experiments described the localization of the BS proteins to the 
nucleus, all cells were counterstained with a fluorescent phallotoxin (actin stain, blue) to 
visualize the localization of the BS proteins (green) with respect to the entire cell. The NS3 
protease was also stained and is shown in red. 

In a second application area involving detection of oxidative stress and DNA damage cause 
by either chemical agents or radiation, a reactive oxygen species (ROS) biosensor was used. This 
promoter based biosensor (Fahl and Zhu, 2000) is composed of three elements: a series of 
response elements (EpRE), minimal thymidine kinase promoter (TK), and a reporter gene (GFP). 
Cells were transiently transfected at -60% confluence with either ARE-GFP or TK-GFP. 24 
hours later the cells were treated with tert-butylhydroquinone (tBHQ), an ROS inducing agent. 
The cells were examined every 12 hours post treatment. Weak GFP fluorescence was present at 
48 hours after treatment, and stronger GFP fluorescence was observed after 60 hours and 
photographs were taken (Figure 8). A fraction of cells, expected at this concentration of tBHQ 
showed signs of oxidative stress. 



Multispectral confocal analysis of nanopar tides, biosensors and cells 

Nanocrystals will likely be of great benefit to quantitative confocal microscopy because they do 
not photobleach over long periods of time as shown in Figure 9. Regions of the image were 
sampled over almost 10 minutes of time and the degree of photobleaching was quantitated. The 
nanocrystals actually become slightly brighter after initial excitation, and then remain fairly 
constant over a number of minutes. The degree of photobleaching obviously various with 
nanocrystal composition and methods of construction, but this is a general characteristic. 

It is important to note that nanocrystals are actually smaller than many proteins, including 
Streptavidin (Figure 10). Uncoated CdTe nanocrystals were not only cytotoxic, but also failed to 
bind to, or be phagocytosed, by cells. Once they were bound by antibody, in this case anti-CD95, 
to receptors on the cell surface, the nanocrystals began to enter the cells over time. HIV tat 
protein greatly accelerated cell entry and targeted the nanocrystals to the nucleus. A six amino 
acid peptide of Arginine had a similar effect. 

Once the behavior of targeted nanoparticles without any drug or gene delivery payload was 
explored, experiments were initiated to compare the efficiency of expression of plasmid 
transfected DNA sequences with those same sequences on nanoparticles. Figure 1 1 shows the 
delivery of two different plasmids with lipid coated nanoparticles. Human Huh-7 liver cells 
(Panels A. and B.) were transfected either with a 1:1 mixture of plasmids pEGFP-Cl and 
pdsRed2-Cl or exposed to lOOnm layer-by-layer (LBL) assembled nanocapsules containing a 
single layer of DNA (1:1 mixture of pEGFP-Cl and pdsRed2-Cl) (Panels C. and D.). Although 
the transfection efficiency was low, there were cells expressing both EGFP (green) and dsRed 
(red) protein. All cells were counterstained with DAPI (blue). 

Discussion 

The core particle, onto which the coats are layered, primarily determines the overall size of 
the object to be delivered into the cell. Cells are widely known to only allow particles within a 
particular size range, 30-200 nm, to pass the outer membrane (Zauner, Farrow et al. 2001). The 
nuclear membrane is even more tightly guarded, only allowing specific molecules to pass into 
the nuclear compartment (Stewart, Baker et al. 2001). Passing through these barriers is 
paramount for the success of nanomedicine. The size of the particle delivered is therefore critical 
for the success of nanoparticle mediated gene delivery. 

Nanocrystals offer several unique advantages over traditional nanoparticles and lipid 
mediated gene delivery tools. The nanocrystals have spectral properties that are especially 
convenient for in vitro use (Chan, Maxwell et al. 2002; Dubertret, Skourides et al. 2002; Jaiswal, 
Mattoussi et al. 2003). These particles fluoresce very brightly and do not photobleach like 
traditional dyes or fluorescent proteins. These nanoparticles are also small enough (<6 nm) to 
enter the cell without endocytotic signals. Additionally, a multitude of biological moieties can be 
bioconjugated to the surface of these tiny crystals. Even with large, biologically active molecules 
conjugated to the surface of these particles, they remain under 20nm in diameter. With these 
characteristics in mind, streptavidin was bioconjugated to the surface of these particles to give 
this system the flexibility needed for development and testing. The streptavidin-biotin bridge 
gives the researcher the ability to bioconjugate single or even multiple targeting, internalization, 
and therapeutic molecules. 



Size undoubtedly plays a role in the localization of these particles. Even with no cell entry or 
targeting molecules on board, the nanocrystals readily gain entry into the cellular milieu. In the 
end analysis, these particles distribute throughout the cell for multiple reasons that would be very 
difficult to define. Because of their small size, optical properties, and structural flexibility, one 
can conceive of using nanocrystals as research based gene delivery agents. 

To utilize semiconductor based nanoparticles as gene delivery agents could be beneficial for 
in vitro use. The spectral characteristics of these particles would facilitate the development of 
targeting, sub-targeting, and cell entry strategies. Toxicity of the nanocrystals is a major concern 
because the core of these particles is composed of toxic elements. Throughout these experiments 
the nanocrystals have been shown to cause problems with membrane permeability, as 
demonstrated with the trypan blue dye exclusion assay. One reason for this may be the poisoning 
of the transporter for trypan blue export. The cells do not appear to undergo necrosis or 
apoptosis. In fact, the cells appear to tolerate the nanocrystals quite well, allowing for multi-day 
studies. One concern brought to light by these observations was that incompletely coated 
nanocrystals may slowly release the toxic core elements into the cells/media. This can be 
alleviated by using a different core particle that allows for purification and/or does not contain a 
toxic core particle. 



Figure 2: Nanoparticle targeting of CD95 
positive cells. Live BJAB cells were labeled with 
anti-CD95 FITC (Panel A). BJAB cells labeled 
with anti-CD95 with no FITC and then exposed 
to FITC labeled polystyrene nanoparticles coated 
with secondary antibodies specific for the Fc 
portion of anti-human CD95antibodies (Panel B). 
Nuclei were counterstained with Hoechst 33342. 



Figure 3: Nanoparticles were used to target CD95 
positive cells in a 1 : 1 cell mixture of these cells and 
CD95 negative MOLT4 cells which were stained blue 
with a cell tracking dye (CMAC, Molecular Probes, 
Inc., Eugene, Oregon). As shown in both panels, none 
of the CD95 negative blue MOLT4 cells were targeted 
by the green particles. Only the BJAB (unstained) cells, 
that are CD95 positive, were bound to the green 
particles. 




Figure 4: (A) CdTe nanocrystals in 
plastic tubes under room light, (B) the 
same nanocrystals under UV light. Tube 
contents (from left to right): Dry CdTe 
nanocrystals coated with BSA/Avidin, 
CdTe nanocrystals coated with 
BSA/Avidin in PBS (pH=7.4), SAA but 
diluted 1 :1 0 in PBS. (C) CdTe 
nanocrystals loaded into micropipette 
prior to microinjection (D) CdTe 
nanocrystals coated with BSA/Avidin in 
PBS being microinjected into light field 
ofT-24 cells (light field), (E) 
fluorescence image of T-24 cell 
microinjected with CdTe nanocrystals. 



Figure 5: Overview of the protease 
biosensor. The biosensor protein is a triple 
fusion protein containing a tetracycline 
inactivated transactivator (tTA), a protease 
specific cleavage domain, and a localization 
signal. The activated protease cleaves the 
cleavage domain, releasing the tTA. The tTA 
then localizes to the nucleus and activates 
transcription of a predetermined gene. 



Figure 6: Intracellular localization of BS-1, 
BS-2, and BS-3 in BT7H cells. Confocal 
images from BT7H cells transfected with BS-1 
(Panel A), BS-2 (Panel B), or BS-3 (Panel C) 
were stained for biosensor (red) and the DNA 
counterstained with DAPI (blue). 
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Figure 7: Three color multi- 
spectral confocal intracellular 
colocalization of molecular 
biosensors and NS3 -specific 
flavivirus protein in Huh7 cells. 
Protease containing Huh7 cells 
were transfected with nothing 
(A), BS-2 (B and E), BS-3 (C 
and F), and pTet-Off (D). Panels 
B and C show what appears be 
inactivated BS proteins that seem 
to localize within the cytoplasm. 
Panels D, E, and F show cells 
with tTA, BS-2, or BS-3 
throughout the entire cell, which 
indicates activated BS proteins. 



Figure 8: Reactive oxygen 
species biosensor. This 
promoter based biosensor 
(Fahl and Zhu, 2000) is 
composed of three elements: 
a series of response elements 
(EpRE), minimal thymidine 
kinase promoter (TK), and a 
reporter gene (GFP). 




Figure 9: Nanocrystal 
photobleaching curves. 
Regions of the image were 
sampled over almost 10 
minutes of time and the 
degree of photobleaching was 
quantitated. The nanocrystals 
actually become slightly 
brighter after initial 
excitation, and then remain 
fairly constant over a number 
of minutes. 



Targeted Nanocrystal Delivery 
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Figure 10: Nanocrystal coated with nothing ("naked"), anti-CD95, HIV tat fragment, or a 
6 x Arginine peptide were incubated with live cells and imaged by multispectral confocal 
microscopy. Hoechst 33342, an AT base pair specific dye that enters live cells, was added 
as a counterstain to delineate the nuclear boundary. These are composite images of 
fluorescence and Nomarski. Streptavidin coated nanocrystals were imaged by transmission 
microscopy (courtesy of Dr. Popov at UTMB). 
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Figure 11: Delivery of 2 different 
plasmids with lipid coated LBL. Huh-7 
cells (Panels A. and B.) were 
transfected with a 1 :1 mixture of 
pEGFP-Cl andpdsRed2-Cl or exposed 
to -lOOnm layer-by-layer (LB) 
assembled nanocapsules containing a 
single layer of DNA (1:1 mixture of 
pEGFP-Cl and pdsRed2-Cl) (Panels C. 
and D.). Although the transfection 
efficiency was low, there were cells 
expressing both EGFP (green) and 
dsRed (red) protein. All cells were 
counterstained with DAPI (blue). 
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ABSTRACT 

Next generation nanomedicine technologies are being developed to provide for continuous 
and linked molecular diagnostics and therapeutics. Research is being performed to develop 
"sentinel nanoparticles" which will seek out diseased (e.g. cancerous) cells, enter those living 
cells, and either perform repairs or induce those cells to die through apoptosis. These 
nanoparticles are envisioned as multifunctional "smart drug delivery systems". 

The nanosystems are being developed as multilayered nanoparticles (nanocrystals, 
nanocapsules) containing cell targeting molecules, intracellular re-targeting molecules, molecular 
biosensor molecules, and drugs/enzymes/gene therapy. These "nanomedicine systems" are being 
constructed to be autonomous, much like present-day vaccines, but will have sophisticated 
targeting, sensing, and feedback control systems - much more sophisticated than conventional 
antibody-based therapies. The fundamental concept of nanomedicine is to not to just kill all 
aberrant cells by surgery, radiation therapy, or chemotherapy. Rather it is to fix cells, when 
appropriate, one cell-at-a-time, to preserve and re-build organ systems. When cells should not be 
fixed, such as in cases where an improperly repaired cell might give rise to cancer cells, the 
nanomedical therapy would be to induce apoptosis in those cells to eliminate them without the 
damaging bystander effects of the inflammatory immune response system reacting to necrotic 
cells or those which have died from trauma or injury. 

The ultimate aim of nanomedicine is to combine diagnostics and therapeutics into "real-time 
medicine", using where possible in-vivo cytometry techniques for diagnostics and therapeutics. 
A number of individual components of these multi-component nanoparticles are already working 
in in-vitro and ex-vivo cell and tissue systems. Work has begun on construction of integrated 
nanomedical systems. 

Keywords : nanomedicine; nanoparticles, molecular biosensors, drug delivery, gene therapy; 
flow cytometry; confocal microscopy; molecular diagnostics 



1. INTRODUCTION 



1.1 What is nanomedicine? Nanomedicine is a fundamentally different paradigm for medicine. 
It is "nano" not only because it uses nanometer scaled tools, but also because it employs a cell- 
by-cell regenerative and repair philosophy working at the single cell level rather than at the 
organ level. Medicine has progressed from primitive surgery to detailed microsurgery on small 
regions of organs. The next step is nanomedicine which performs "nanosurgery" inside living 
single cells to either repair those cells or to induce un-repairable cells to die by natural 
programmed cell death, avoiding the effects of a inflammatory response by the body's immune 
system which in many cases can be more severe than the original disease itself. 

1.2 Some goals for nanomedicine: A goal of modern medicine is to provide earlier diagnostics 
so that diseases can be treated when they are most treatable. Dramatic results have been achieved 
in a number of diseases. However, diagnostics and therapeutics have not yet been combined in a 
continuous system to not only diagnose, but also to treat, at the earliest possible stage - perhaps 
before actual symptoms appear. The three conventional treatments for cancer are (1) surgical 
removal of the tumor, (2) radiation therapy, and (3) chemotherapy. Nanomedicine attempts to 
make smart decisions to either remove specific cells by induced apoptosis or repair them one 
cell-at-a-time. Single cell treatments will be based on molecular biosensor information that 
controls subsequent drug delivery to that single cell. Such a system would also need to be semi- 
autonomous, with pre-determined decisions points for when a diagnosed condition warrants 
treatment. Clinical decisions are usually much delayed by the negative potential side effects of 
that treatment, particularly if it turns out to be a misdiagnosis. If both the accuracy of treatment 
and the minimization of unfavorable side effects and bystander effects could be brought to 
acceptable levels, the consequences of faster autonomous treatments in continuous response to 
in-vivo molecular diagnostics with slightly higher probabilities of misdiagnosis could be 
tolerated. In this paper we discuss work still in the early stages of such a nanomedical system. 

Conventional medicine is not readily available to much of humanity because it is labor- 
intensive. Medical labor is sophisticated and expensive. Nanomedicine will be much more 
preventive, combining very early diagnostics with initial therapeutics. In some ways it could 
resemble a smart, multifunctional vaccine. It might also be less expensive because it will 
minimize use of expense human experts for early diagnostics, and potentially could be mass 
produced and distributed. 

1.3 Potential pitfalls of nanomedicine: We believe that it is important to discuss some of the 
potential pitfalls, as well as the promise, in nanomedical systems for future drug-gene delivery. 
We believe that the technology, while still in its infancy, has great promise to achieve these 
objectives. But a realistic examination of the tradeoffs must also be assessed. For example, some 
nanosystems very good for in- vitro work may have attributes that may preclude or limit their use 
in-vivo. Among these are the potentially long-term cytotoxic effects of some nanomaterials. The 
cytotoxicity of some nanomaterials in atom-by-atom or molecule-by-molecule nano self- 
assembly may prove to be very different from those same materials in elemental form. Also, 
cytotoxicity is a far more complex effect than simple cell killing, or even induction of apoptosis 
(programmed cell death). If the gene expression pattern is disturbed, those cells may not 
function, proliferate, or differentiate properly. There is currently very little "cytotoxicity" data 
for nanomaterials in biological systems. 

Nonetheless, it should be kept in mind that one of the main barriers remaining in modern 
medicine is the effective and controlled delivery of drugs or genes to the targeted cells, with 



minimal disturbance of non-targeted cells. The development of highly efficient and well- 
controlled delivery of drugs or genes to cells would represent a significant advance to modem 
medicine. That fact should be kept in mind in these still early days of nanomedical systems 
development. While there are risks in the new systems, there are many problems of the existing 
old systems, too readily accepted, because there have been no available alternatives. The proper 
development of nanomedicine will require the balancing of risks with opportunities. 

1.4 Need for a nanoparticle gene delivery system: Existing gene delivery systems have a 
variety of limitations (De Smedt, Demeester, and Hennink 2000). Liposome based gene transfer 
methods have relatively low transfection rates, are difficult to produce in a specific size range, 
can be unstable in the blood stream, and are difficult to target to specific tissues (De Smedt, 
Demeester, and Hennink 2000). Injection of naked DNA, RNA, and modified RNA directly into 
the blood stream leads to clearance of the injected nucleic acids with minimal beneficial outcome 
(Sandberg et al. 2000). As such, there is currently a need for a gene delivery system which has 
minimal side effects but high affectivity and efficiency. One such system could be that of the 
self-assembled nanoparticles coated with targeting biomolecules (Lvov and Caruso 2001). 

1.5 Application of nanomedicine to radiation damage in astronauts: In addition to 
describing the general concepts of nanomedicine, we show a particular application being 
developed for NASA as part of their nanomedicine for astronauts program. New paradigms of 
any technology, including nanomedicine, are often first developed for extreme environments 
and/or extreme circumstances. Longer voyage space exploration qualifies on both fronts. For 
example, on a manned roundtrip voyage to Mars and exploration on the surface of that planet, 
astronauts will encounter levels of radiation that are impossible to shield. There will also be no 
hospitals with either diagnostic or therapeutic treatments. The signal delays in Earth-Mars 
communications represents a major challenge to telemedicine, and largely precludes procedures 
requiring real-time Earth control. Any systems brought along must be small, low weight, 
intelligent, and autonomous. While there may be large radiation damage effects, the most likely 
scenario is a series of fractionated radiation doses, each of which is not necessarily a pivotal 
event, but whose accumulation can lead to further downstream events such as organ injury or 
cancer. The strategy of nanomedicine would be to try to repair the radiation damage on a 
continuous basis using DNA repair enzymes in nanoparticle systems targeted to cells likely to 
have experienced radiation as a counter-measure to more serious radiation injury at the organ 
level. 

2. MATERIALS AND METHODS 

In the early developmental stages of this project we have used a variety of experimental 
model systems which are very reproducible and testable, as described below. A basic strategy for 
a nanomedical system applied to the problem of repairing radiation damage in astronauts on a 
continuous basis is shown in the concept diagram of Figure 1. 
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Figure 1: A nanomedicine 
concept applied to the 
problem of continuous 
repair of radiation damage 
in astronauts. A terrestrial 
application would be 
targeted repair of radiation- 
damaged normal tissue 
injured during radiation 
treatment of cancer patients. 



2.1 Nanoparticles: There are two general categories of nanoparticles (with many variations) 
currently being used for applications in in-vitro and in-vivo nanomedicine: (1) nanoparticle cores 
with single or multilayered coatings, (2) hollow nanoparticle capsules without cores. 

Nanoparticle cores materials vary greatly, the most common being made from gold, silica, or 
semiconductor materials. Some are made from magnetic materials which can be useful for 
recovery of gene products within cells (Prow et al., 2004a). Many are now commercially 
available. Most of these nanoparticles must be coated for two general purposes. First, some of 
them are not water-soluble. To exist and to function in an in-vivo aqueous environment, some of 
these hydrophobic materials must be marked with a layer of hydrophilic molecules. Second, 
some of these materials are cytotoxic to cells and tissues. Typically these are covered with 
lipophilic or other organic molecules to provide a barrier between the cell and the core 
nanoparticle materials. 

Hollow nanocapsules without cores come in a variety of sizes and materials. The simplest 
ones consist of single or multiple layered liposomes, which are designed to fuse with the 
lipophilic molecules of a cell membrane and then to spill the contents of the liposome into the 
interior of the cell. More complex, layer-by-layer assembly nanocapsules are being made by 
some research groups. These nanocapsules are self-assembling by alternating charged layers of 
polymers and similar materials. In other work we have begun to develop nanosystems based on 
this concept (Prow et al., 2004b). These nanocapsules are potentially biodegradable and may be 
less cytotoxic to biological systems, although more detailed studies need to be conducted. 

2.2 Nanoparticle targeting: Nanoparticle targeting can be accomplished in a variety of ways. 
But the two most common, as shown in this paper, are use of antibodies (e.g. anti-CD95 
antibody) bound to the nanoparticle outer surface, or coating of the outer surface of the 
nanoparticles with molecules that are the ligands for cellular receptors (e.g. mannose to target 
nanoparticles to liver cells which have mannose receptors). While antibody targeting is very 
common for in-vitro applications, their use in-vivo can be problematical since some of these 
targeting antibodies can illicit an immune response from the human or animal. The mannose 
represents less of a problem in this regard because the body already recognizes mannose and 
does not tend to mount an immune response against it. 

In the particular application of nanomedicine for astronauts we are using up-regulation and 
transport of the CD95 molecule to the radiation (or oxidative stress) damaged cell. Amounts of 
cell surface CD95 vary in roughly a dose dependent manner with radiation exposure (Sheard, 
2001). So CD95 serves as the initial surrogate biomarker for radiation damage. We also have 
modeled radiation dosed cells with two cell lines, one of which expresses no CD95 (human 
MOLT-4 monocyte cell line) and another cell line (BJAB) which expresses high quantities of 
cell surface CD95. Once inside, the nanoparticle system performs a secondary check for 
oxidative stress which is highly correlated to radiation exposure using a biosensor sensitive to the 
presence of reactive oxygen species molecules. Since exact radiation exposure is difficult to 
control, we have used, in initial studies, a chemical which produces the same oxidative stress as 
radiation but in an easily dosed manner. 

The other significant difference between in-vitro and in-vivo targeting is the great difference 
in specificity required. Cells are usually not rare in-vitro, while targeted cells are almost always 
rare in-vivo. Rare cell targeting presents considerable challenges in terms of specificity. 
Considering the number of possible interactions in-vivo, the specificity of the overall targeting 
system must, in most cases, be better than a million to one. No antibodies alone have this degree 



of specificity. To solve this problem, Boolean combinations of antibodies must be chosen (for 
review, see Leary, 1 994). The good news is that these levels of specificity can be reached with 
antibody combinations of two positive biomarkers and one negative biomarker. The correct 
repertoire of these three biomarkers (or cocktails of biomarkers as are frequently used for 
detection of rare stem cells) 

2.3 Cell entry facilitation: Most people do not realize that targeting of nanoparticles to the cells 
of interest for nanomedicine represents only the first part of a long and complex journey. A 
nanoparticle is roughly one billionth the volume of a cell. So the interior of the cell represents 
another new universe to the nanoparticle. The nanoparticle and/or its contents must get 
successfully from the outside to the inside of a cell. How it enters the cell can control its 
subsequent fate. And simply dumping the drug or gene contents of the nanoparticle into the 
interior of the cell, while perhaps superior to dumping the drug or gene into the body for general 
circulation in the bloodstream, still does not guarantee that the drug or gene gets to the 
intracellular site where it can have therapeutic action. A further step of intracellular targeting is 
really required to be effective in this process. We have used three entry facilitation methods: (1) 
arginine-repeat peptides, (2) Lipofectamine™ coatings to promote fusion of nanoparticles with 
the cell membrane, and (3) artificial tat-specific sequences, the entry and nuclear targeting 
molecule used by HIV- 1 . 

2.4 Intracellular targeting: We have used a variety of specific amino acid localization 
sequences to deliver and anchor delivery of molecules to three intracellular regions of the cell: 
(1) the endoplasmic reticulum (ER), (2) the mitochondria, and (3) the nucleus. An important 
technology to visualize and study the proper localization of nanoparticles to their intracellular 
targets is confocal microscopy. Since to allow for improved detection of nanoparticles we used a 
Zeiss 510 META confocal microscope with multispectral imaging capabilities which correct for 
color overlaps on a pixel-by-pixel basis within each optical section. This spectral unmixing 
algorithm (Bearman et al., 2002), referred to as "emission fingerprinting" provides for improved 
color deconvolution compared to use of conventional optical bandpass filters as shown in Figure 
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Figure 2: (A) The basic concept of emission fingerprinting is shown in schematic form. By 
knowing directly or indirectly, all of the spectral contributions of each dye or probe plus the 
autofluorescence spectrum of a cell, the colors can be "unmixed" on a pixel-by-pixel basis on 
each plane of a multi-plane confocal image. (B) The algorithm essentially fits the overall 
color curve using regions of each dye or component spectrum that are less contaminated with 
the overlap of other colors. The resulting emission fingerprinting technique can be superior to 
the use of conventional optical filters which still leave considerable optical overlap. 



2.5 Molecular biosensing of the intracellular environment: Thus far we have explored both 
viral biosensors and reactive oxygen species (ROS) biosensors. This paper will describe use of 
ROS biosensors (Zhu and Fahl, 2000) coupled to an eGFP reporter gene which fluoresces green 
when activated. Many biosensors share certain characteristics as shown in Figure 3. 
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Figure 3: Many 
molecular biosensors 
used for diagnostics 
have targeting 
regions, a cleavage 
domain that is 
sensitive to enzymes 
or proteases, and a 
fluorescent reporter 
molecule. 



2.6 Controlled drug-gene delivery: One of the ways we have tried to provide controlled 
drug/gene delivery to living single cells, is to attach the gene therapeutic to the biosensor. That 
way the therapeutic gene is only produced as long as the biosensor sees its target molecule. In 
this case we are developing a transient gene therapy for DNA repair of radiation-damaged DNA 
based on the biosensing of reactive oxygen species which has high correlation to radiation 
exposure. 

An alternative treatment to repair is to accelerate the cell's natural "programmed cell death" 
or apoptosis. This is particularly important in the case of trying to repair radiation damaged cells 
in astronauts. If the cell is not repairable, we would prefer to have it die in a way that does not 
trigger inflammatory responses of the immune system which can, in many diseases and injuries, 
be of greater danger to the person than the disease or injury itself. In this application it is 
important to not allow cancerous cells to arise from mutations produced by radiation damage. 
3. DATA/RESULTS 

3.1 Comparison of molecular immunochemical and nanoparticle targeting: While the two 
processes are indeed quite different, fluorescent nanoparticle labeling can yield similar results to 
those of conventional fluorescent antibody labeling techniques as shown in Figure 4. In this case 
we used very large nanoparticles (approximately 500 ran diameter) in order to visualize the 
nanoparticle labeling pattern. Improved concordance of nanoparticle labeling with molecular 
labeling is obtained when nanoparticles are 100 ran or less diameters (data not shown, Prow 
thesis, 2004). 




Figure 4: Nanoparticles with targeting 
molecules can label cells in a manner 
that gives similar results to 
conventional labeling with antibodies. 
However, as the nanoparticles get 
larger, they tend to bind in a 
"quantized" manner that leads to 
increasing discordance of results with 
increasing nanoparticle size. 



3.2 Measures of nanoparticle targeting efficiency and accuracy: To study nanoparticle 
binding efficiency we performed phase contrast/fluorescence to allow viewing of cells that 
labeled or did not label with nanoparticles (Figure 5A). Since this did not always allow for 
accurate identification of the specific cells of interest, we used tracking dye labeling of the larger 
contaminating cells, not of interest, to allow correct identification of all non-specific cell types in 
in-vitro experiments that allowed modeling of rare in-vivo targeting (Figure 5B). 



Figure 5: (A) BJAB and MOLT-4 cell mixtures were labeled with 500 nm diameter 
nanoparticles (small white spheres) and viewed by simultaneous phase contrast/fluorescence 
microscopy using a Nikon Optiphot microscope. (B) To improve assay accuracy we pre- 
labeled contaminating cell types (CD95 negative MOLT-4 cells) with CMAC (Molecular 
Probes, Inc.) a blue fluorescence tracking dye (shown in this grey scale image as diffuse 
grey). Nanoparticle (small white spheres in this grey level digital image) labeling showed 
highly specific labeling of the CD95-positive BJAB cells with undetectable labeling of CD95- 
negative MOLT-4 cells. 

3.3 Targeted delivery of nanocrystals: Streptavidin labeled nanocrystals were targeted to cells 
labeled with biotinylated anti-CD95. The purpose of these experiments was to explore the entry 
mechanisms of semiconductor nanocrystal nanoparticles. "Naked" nanoparticles (with no 
biocoatings) did enter some cells non-specifically, showing that biocoatings were not only 
necessary to target nanoparticles to the cells of interest but also necessary to prevent non-specific 
uptake. Interestingly, Streptavidin coated nanocrystals when bound to the surface of cells labeled 
with biotinylated anti-CD 95 monoclonal antibodies, not only targeted those cells in a highly 
efficient manner, but also tended to internalize and track to the nuclei of those cells. HIV tat 
sequences proved highly efficient cell entry and nuclear localization molecules. Arginine rich 
amino acid repeat peptides did not prove useful for nuclear localization, at least in our hands. 

3.4 Application of nanomedical strategies to repair of radiation-damaged cells: To test the 
feasibility of these approaches we conducted a series of in-vitro experiments. A antioxidants- 
sensitive biosensor (Zhu and Fahl, 2000) was attached to DNA repair enzymes previously 
designed and prepared in the lab of co-author RSL. When a cell undergoes oxidative stress it 
produces a series of molecules which will attach to the ARE biosensor which then can be used to 
drive the synthesis of special DNA repair enzymes MutY/Fpg designed by RSL (Figure 7). 
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This ARE biosensor, attached to a green fluorescent protein reporter sequences (eGFP), was 
tested in cultures of T24 cells subjected to tert-butylhydroquinone (tBHQ), a chemical which 
produces oxidative stress in cells in a manner similar to UV radiation, but which is more easily 
dosed and controlled. The cell detects ROS and activates transcription factors which bind to 
specific promoter regions. Transcription downstream of these response elements is then 
activated. The construct used was constructed by Zhu and Fahl, 2000. This construct is 
composed of a number of antioxidant response element (ARE) repeats followed by a minimal 
thymidine kinase promoter, ahead of a EGFP reporter gene. The sensitivity of the biosensor is 
dramatically affected by the number of ARE repeats, with four repeats giving optimal sensitivity 
(Zhu and Fahl, 2000). The activity of this biosensor can be seen in T24 cells through the addition 
of 100 uM tert-butylhydroquinone, an inducer of ROS (Sigma- Aldrich Chemical, Inc., St. Louis, 
MO). T24 cells are a human cell line derived from a transitional cell carcinoma that 
constitutively expresses CD95 on the surface (Mizutani et al. 1997) (American Type Culture 
Collection, Manassas, VA). Cells showing signs of oxidative stress were detected as green 
fluorescent positive cells as shown in Figure 8. 
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Figure 8: Cells were transiently transfected at -60% confluence with either ARE-GFP 
or TK-GFP. 24 hours later the cells were treated with tert-butylhydroquinone (tBHQ), 
an ROS inducing agent, to simulate the ROS effects of radiation doses The cells were 
examined every 12 hours post treatment. Weak fluorescence (ARE-GFP) shown in 
white was present at hour 48 and photographs were taken at hour 60. 



To test whether DNA repair enzymes could be introduced into cells damaged by actual UV 
radiation to accelerate normal DNA repair mechanisms by activating a second repair pathway, 
not normally expressed in human cells because one enzyme, a glycosylase is absent in normal 
human cells (Figure 9). 



Assisted" DNA Repair 




Figure 9: (A) Assisted DNA repair 
concept for DNA damage to both nuclear 
and mitochondrial DNA. (B) A specific 
strategy for assisting DNA repair of UV 
damage in human cells. 
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This normally absent repair mechanism was activated by transfection of a glycosylase containing 
gene sequence which also contained an eGFP reporter molecule. UV damage can occur in both 
nuclear and mitochondrial DNA. Since many molecules introduced into a cell frequently track 
non-specifically to the nucleus, we tested the ability of intracellular localization sequences to 
guide these repair molecules to the mitochondria. In the absence of localization sequences, the 
repair molecules did not appear to track to any specific region of the cell, as shown by the diffuse 
staining of Figure 10A. However when mitochondrial localization sequences were attached to 
the repair enzymes, they tracked to the mitochondria as shown by confocal microscopy (Figures 
10B and IOC). Either transient or stable gene therapy was demonstrated. 




Figure 10: (A) T4 transfected DNA repair enzyme with 
no localization anchoring sequence (note diffuse 
fluorescence) with transient expression (Wt-T4-PDG-GFP 
in CHO-XPG. Transient expression. lOOx objective) 

(B) T4 transfected DNA repair enzyme with 
mitochondrial localization anchoring sequence, with 
transient expression (MLS35-T4-PDG-GFP in CHO XPG. 
lOOx objective) 

(C) T4 transfected DNA repair enzyme with 
mitochondrial localization anchoring sequence, with 
stable expression (MLS 1 8-T4-PDG-GFP in hXPA. lOOx 
objective) 



In the present state of gene therapy concerns about patient safety, our efforts are concentrated 
on the production of potentially useful transient gene therapies using nanoparticle systems. To 
test the actual effectiveness of these DNA repair enzymes inside living cells, comet assays were 
performed in the laboratory of RSL. The "comet" assay (Tice, 2000) shows the attempt of cell 
trying to repair its DNA strand breaks as a comet-like tail. When successful in DNA repair, the 
comet tail is eliminated. Figure 1 1 clearly shows that repairable human cells can be repaired in 6 
hours by this assisted DNA repair transient gene therapy approach, as compared with a required 
repair time of more than 24 hours using the usual DNA repair pathway functioning in normal 
human cells. While far from proving efficacy in-vivo, these initial results show the promise of 
this approach. 
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Figure 11: A comet assay shows that DNA damage is successfully repaired at an accelerated 
rate due to successfully activation of a second repair pathway in a transient gene therapy 
approach to repairing DNA damage as it occurs. 



4. CONCLUSIONS 

These results, while still very preliminary, reveal some of the promise of nanotechnology for 
the effective delivery of therapeutic genes to individual living cells. As such it presents important 
paradigm shifts in the delivery of medicine from a single choice of destruction of all affected 
cells to one of selective repair of cells whenever possible and desirable and safe destruction 
through apoptosis of un-repairable cells. It also shows how, in principle, autonomous 
nanoparticle systems can be constructed to provide continuous molecular diagnostics and 
therapeutics at the single cell level. 
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INTRODUCTION: 



To date, the majority of nanoparticle research has been carried out by materials 
scientists, but recent trends have brought these tools into the hands of biologists. 
Nanoparticles have found two broad niches in biology, detection technologies 
and payload delivery (1,2). Since the late 1970s, nanoparticles have been used 
to deliver drugs (2,3). In fact, the majority of publications concerning biological 
applications of nanoparticles are focused on the delivery of chemotherapeutic 
agents with nanoparticles ranging from 2 to 3000nm. Nanoparticle mediated 
gene delivery has recently emerged as a promising tool for gene therapy 
strategies (4-6). One of the main problems with using nanoparticles for gene 
delivery is the construction, cost, and quality control of the nanoparticles 
themselves. These factors limit the usefulness of nanotechnology to laboratories 
that have chemists capable of nanoparticle synthesis or in collaboration with 
those chemists. This limits the usefulness of the technology, especially for small 
laboratories. To solve this problem there needs to be a commercially available 
nanoparticle that is readily available, easy to use, and flexible. To this end, we 
have adapted a magnetic nanoparticle system that is simple and quite flexible 
from a commercially available product intended for other uses. 
To date, magnetic nanoparticles have been primarily applied to three fields: 
magnetic resonance imaging, molecular and cell separation technologies, and 
drug delivery (7-11). Many researchers use magnetic particles as contrast agents 
(12-16). Because these agents are used primarily in diagnostic in vivo imaging, 
many of the particle formulations are already approved for use in humans. The 
magnetic properties of these particles are quite favorable for layered construction 
of a non-viral based gene delivery vector. One of the most difficult challenges 
facing researchers constructing layered nanoparticles is the purification of the 
particles after each step. With magnetic particles, the purification is generally 
simple and utilizes off the shelf products. This is the first report describing DNA 
tethered magnetic nanoparticles for in vitro and in vivo gene delivery and 
subsequent recovery. The magnetic properties of nanoparticles have been used 
to enhance gene transfer for gene therapy applications (17-22). In this case the 
nanoparticles were used to concentrate the plasmid to a specific location and 
thereby increase the likelihood of transfection (22). This group used clusters of 
plasmid DNA and coated magnetic nanoparticles to target cells using the 
magnetic properties of the nanoparticle clusters (17). 

Superparamagnetic nanoparticle cores coated with streptavidin were chosen for 
gene transfer and recovery because they were easily obtainable, simple to 
construct and could be purified from the layer components using magnetic 
columns. The core particles are composed of an iron oxide core coated with 
dextran and bioconjugated to streptavidin, with the complete particle measuring 
approximately 50nm in diameter. We have developed a simple procedure for 
DNA conjugation, purification, delivery to cells and recovery of these 
nanoparticles. These particles were found to have reasonably high expression, 
with respect to free DNA, when coated with Lipofectamine 2000© (Invitrogen, 
Inc.). It was found that intact nanoparticles could be recovered from populations 
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of positive and negative cells through purification and PCR analysis. These 
nanoparticles were also able to deliver genes in vivo. 
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MATERIALS AND METHODS: 

Biotin labeled DNA fragment preparation 

PCR amplification was used to create biotin labeled DNA fragments. 
Oligonucleotide primers were purchased from Integrated DNA Technologies, Inc. 
For initial studies, either the 5' or the 3' oligo was made with a single biotin tag. 
The sequences were based on the pEGFP-C1 (BD Clontech, Inc.) template: 
forward 5' - TAG TTA TTA ATA GTA ATC AAT TAC GGG GTC ATT AG - 3', 
reverse 5' - TAC ATT GAT GAG TTT GGA CAA ACC ACA ACT AGA AT - 3' 
(Integrated DNA Technologies, Inc.). Later studies used only 5' oligos labeled 
with biotin. These oligos were then used as PCR primers. A typical reaction 
would include 25 ul Red Taq, (Sigma Chemicals, Inc. ), 1 ul 5' biotinylated 
primer, 1 ul 3' primer, 1 ul template, to 50ul with water. The primers were at 
200pM and the template at 50ng/ul. A typical reaction for DNA tethering to 
magnetic nanoparticles would include about 25 of these reactions. Typical PCR 
cycles would include -35 cycles of denaturing temperature at 94°C for 30 
seconds, annealing temperature at 65°C for 30 seconds and extension for 2 
minutes at 72°C. 

DNA tethered magnetic nanoparticle construction 

Biotin labeled PCR products were tethered to streptavidin coated magnetic 
nanoparticles (Miltyni Biotech, Inc.). DNA tethered magnetic nanoparticles were 
constructed as per the manufactur's instructions. Briefly, the magnetic 
nanoparticles were incubated with the biotin labeled PCR fragments at the ratio 
prescribed by the manufacturer. The mixture was allowed to sit at room 
temperature for 30 minutes. During that time, the magnetic column was prepared 
by washing once with thel OOul of the included nucleic acid buffer and three times 
with 100ul Optimem (Gibco, Inc.). Once washed, the column was loaded with the 
DNA nanoparticle mixture. The column was then washed three times with 100ul 
Optimem. The nanoparticles were eluted by removing the column from the 
magnet and adding the 100ul of Optimem. The resulting brownish solution 
contained DNA tethered nanoparticles. 

Lipid coating of DNA tethered magnetic nanoparticles 

The DNA tethered nanoparticles were coated with Lipofectamine 2000 as per the 
manufactures instructions for DNA. The DNA tethered magnetic nanoparticles 
were treated as DNA for lipid coating. Briefly, the eluted particles were diluted in 
the appropriate amount of Optimem and incubated for 5 minutes at room 
temperature. An appropriate amount of Lipofectamine 2000 was diluted in a 
separate tube and incubated at room temperature for 5 minutes. After 5 minutes, 
the two tubes were mixed gently and combined. This mixture was allowed to 
stand for 20 minutes before added to the cell culture. 
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Confocal microscopy. 



Cells were examined with a Zeiss 510 META confocal microscope. Excitation 
wavelengths included UV and/or 488nm depending on the fluorescent probes 
used. Appropriate emission wavelengths were determined and used for each 
fluorophore used. Cells were analyzed with either 20, 40, 63, or 100X objectives. 
A 20X objective was used for imaging large numbers of cells for analysis. 

Image analysis 

A standard wave-propagation algorithm was used to segment the images 
over a singular threshold. An upper and lower bound were chosen for 
sub-segmentation. Segments which fell below the lower area bound were 
removed. Segments which were above the upper bound were 
re-segmented with a higher threshold and reexamined. The threshold level 
was computed as the average of the intensity of the pixels within the 
segment minus the standard deviation of the intensity of the pixels 
bounded below by zero. Threshold levels are computed individually for 
each sub-segment. The output is a list of segments associated with a 
bitmap representing the segment, the total intensity, area and standard 
deviation of intensity for that segment (23). 

Cell culture and transfections. 

Cells were incubated at 37C in 5% C0 2 . The Huh-7 cell line, derived from a 
human hepatoma, was cultured in DMEM supplemented with 10% FBS (Sigma, 
Inc.) and Penicillin/Streptomycin (Sigma, Inc.). Cells were transiently transfected 
with Lipofectamine2000 (Invitrogen, Inc.) according to the manufacture's 
instructions. Each experiment was done at least in triplicate and positive and 
negative controls were present in all experiments. 
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RESULTS: 



Conjugation of DNA to magnetic nanoparticles 

The initial construction of the DNA tethered nanoparticles began with the creation 
of biotin labeled DNA fragments containing the minimal genetic material to be 
constitutively expressed in mammalian cells. Biotin labeled PCR primers were 
used to generate CMV-EGFP-pA containing DNA fragments (1.5kb) with 5' biotin 
labeled, 3' biotin labeled, and unlabeled. These fragments contain all of the 
information needed to express pEGFP-C1 from within the nucleus and were 
conjugated to magnetic nanoparticles (magnetic nanoparticles) fortransfection. 
Streptavidin coated magnetic nanoparticles were incubated with each of the DNA 
fragments and analyzed by agarose gel electrophoresis (Figure 1.). Lanes A., 

C, and E. contained only the PCR product. Lanes B., D. and F. contained 
magnetic nanoparticles incubated with the PCR fragments. Only the DNA in 
Lanes A. to D. contained biotin tags. DNA in lanes E. and F. contained no biotin 
tag and were therefore used as negative controls. The black squares indicate 
where high molecular weight or uncharged DNA runs. The dark staining seen in 
Lanes B. and D. indicates that the DNA was able to bind to magnetic 
nanoparticles and was now trapped at the top of the gel due to its large size. This 
gel also shows that there is a significant amount of unbound DNA present. 
Because of this, the magnetic nanoparticles need to be purified from the 
contaminating free DNA fragments as described in the next section. 

Removal of Free DNA from Magnetic Nanoparticle/DNA Solutions 

In these experiments, the mixtures of DNA and magnetic nanoparticles were 
washed 4x to remove unbound DNA using a magnetic column. It was found that 
the magnetic properties of these particles enabled the rapid purification of the 
magnetic nanoparticles from the DNA solution. These samples were then run on 
an agarose gel (Figure 2.). Lanes A. to C. represent only DNA fragments. Lanes 

D. to F. contain the magnetic nanoparticle/DNA mixture. After washing, a portion 
of the magnetic nanoparticles were run onto this gel (Lanes G. to I.). If carefully 
examined (lower figure) dark staining can be seen only in lanes G. and H. near 
the loading well. This suggests that the free DNA has been removed and only the 
DNA tethered magnetic nanoparticles remain in solution. 

Expression Levels of Cells Transfected with DNA Tethered Magnetic 
Nanoparticles 

After washing, the DNA tethered magnetic nanoparticles were mixed with 
Lipofectamine 2000 in order to enhance transfection into cells (24). This complex 
was then delivered to cells cultured in chamber slides, incubated for 48 hours, 
fixed, permeablized, and finally counterstained with DAPI. Slides were 
subsequently photographed under fluorescence using a Nikon CoolPix 990 
digital camera. The images obtained were then analyzed with an in house slide 
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based cytometry software program (written by JNS) and the resulting data 
presented in Figure 3. Note that all of the values were normalized to the samples 
treated with the un-labeled GFP fragment transfected with Lipofectamine 2000. 
The intact pEGFP-C1 plasmid was found to be ~2x the expression level as the 
un-labeled GFP fragment. Finally, the unlabeled DNA exposed magnetic 
nanoparticles as expected did not show any appreciable expression of GFP. 

In Vitro Gene Expression with DNA Tethered Magnetic Nanoparticles 

Figure 4. shows the fluorescent images of the cells used for Figure 4.27. Panel 
A. is an image of untreated cells. Panels B., C, and D. represent cells 
transfected with DNA fragments with 5', 3', and no biotin tags using 
Lipofectamine 2000. Panels E., F., and G. show cells exposed to DNA tethered 
to magnetic nanoparticles from 5', 3', and no (control for free DNA) biotin tags; 
these particles were also coated with Lipofectamine 2000. DNA tethered to 
magnetic nanoparticles showed similar levels of gene expression as those same 
free gene sequences directly transfected into these cells. 

Recovery of DNA Tethered Magnetic Nanoparticles 

These data demonstrate that DNA tethered nanoparticles could be recovered 
from in Huh-7 cells 72 hours post treatment. Cells were lysed and the magnetic 
nanoparticles were purified from the cell lysate with magnetic column separation. 
The nanoparticles were then eluted from the column and concentrated. The 
resulting solutions were then used as templates for PCR reactions. The resulting 
Panels were then run on an agarose gel (Figure 5.). Tethering at the 5' end 
resulted in the greatest expression of the attached gene sequence and was 
easily recovered from populations of cells. 

Nanoparticle Delivery of Genes in Vivo. 

Translation of a gene delivery technology from an in vitro model to in vivo, is 
notoriously difficult. We report that we were able to transfect hepatocytes in vivo 
with DNA tethered magnetic nanoparticles. After intrahepatic injection, the 
animals were maintained for 72 hours prior to sacrifice. The livers were snap 
frozen, cryosectioned, and counterstained with DAPI. Many GFP positive cells 
were found within this region, but they occurred in small clusters of 1-10 cells per 
cluster. Furthermore, there were several clusters of GFP positive cells 
surrounding the injection site, but overall the transfection efficiency was very low 
(Figure 6.). This may be due to several reasons including: a short incubation 
time and relatively small injection volume ~100ul. 
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DISCUSSION: 



The three main findings of these experiments were 1) magnetic nanoparticles 
can be used for effective gene transfer vectors; 2) days after gene transfer, the 
DNA tethered particles could be recovered and the entire gene amplified by 
PCR; 3) DNA tethered magnetic nanoparticles coated with Lipofectamine 2000 
could transfer genes in vivo. Cells incubated with these particles showed no 
visible signs of toxicity (blebbing, apoptosis, etc.), even though the particles are 
made of iron. The ability to isolate these particles days after their introduction 
suggests that they are stable within the cellular matrix. This may be due, at least 
in part, to the conjugation of proteins to the core particle. These proteins could 
serve as a buffer zone inhibiting contact with fouling agents within the cellular 
milieu. 

EGFP encoding DNA fragments that were transfected into cells showed about 
half of the fluorescence seen in cells transfected with the circular plasmid. DNA 
fragments with 5' or 3' biotin tags were attached to streptavidin coated magnetic 
nanoparticles. Free DNA fragments were successfully removed through washing 
the particles using a magnetic column. Cells exposed to uncoated DNA tethered 
nanoparticles did not express detectable levels of EGFP. Cells exposed to DNA 
tethered nanoparticles coated with Lipofectamine 2000 expressed high levels of 
EGFP. Only cells that expressed EGFP from DNA tethered nanoparticles were 
recovered with a magnetic column and detected by PCR. 
One important finding is that the uncoated DNA tethered magnetic nanoparticles 
were able to successfully transfect cells in vitro. This result shows that the size 
range of these particles is, at least, close to optimal since they did not absolutely 
require the presence of lipofectamine for transfection. Another interesting result 
is that cells treated with the DNA tethered magnetic nanoparticles coated but 
also with lipid had expression levels well within range of those transfected with 
only labeled DNA fragments. These data show that we can effectively express 
gene products from DNA tethered to magnetic nanoparticles in either the 5' or 3' 
configuration. Finally, the unlabeled DNA exposed magnetic nanoparticles did 
not show any appreciable expression of GFP. Therefore the expression we 
observed with the labeled DNA and magnetic nanoparticles was from DNA 
tethered to magnetic nanoparticles. Tethering appears to greatly increase the 
expression of these genes by mechanisms not yet well understood. 
Simple streptavidin coated magnetic particles can be used to deliver genes into 
cells and recover those same genes after expression studies. This technology 
can then be used for screening gene libraries and determining the effects of the 
intracellular environment on the nanoparticles themselves. 
In summary, multilayered nanoparticles were found to be an efficient platform to 
deliver and recover genes in vitro. These experiments showed that nanoparticle 
tethered DNA could express GFP at a level similar to free DNA. Lipid coating 
these particles was a fast and efficient way to enhance the uptake and use of the 
particles both in vitro and in vivo. 
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FIGURE LEGENDS: 

Figure 1. Conjugation of DNA to MN. Agarose gel of DNA and nanoparticles. 
Lanes A, C, and E contain only the PCR product. Lanes B, D and F contain 
nanoparticles incubated with the PCR fragments. Lanes A to D contain biotin 
tags. Lanes E and F contain no biotin tag. Black squares indicate where high 
molecular weight or uncharged DNA runs. 

Figure 2. Purification of DNA tethered MN. Lanes A to C represent only DNA 
fragments. Lanes D to F contain the MN/DNA mixture. After washing, a portion of 
the MN mixtures were also run on this gel (Lanes G to I). The right panel is a 
magnified image of the box around Lanes F to I. 

Figure 3. Expression levels of EGFP from DNA tethered MN. In vitro gene 
expression levels are shown as the % of Lipofectamine transfected EGFP DNA 
(EGFP+LA). Biotin tagged DNA was also transfected into cells (Biot EGFP). Cells 
transfected with DNA bound nanoparticles are labeled BIOT+MAG. All samples 
were incubated with (LA) or without Lipofectamine 2000. 

Figure 4. Expression of EGFP from MN tethered to EGFP DNA. EGFP 
expression (green) and DNA (blue) are shown in these images. Untreated cells 
(Panel A), cells transfected with DNA fragments with 5', 3', and no biotin tags 
(Panels b', C, and D), and cells exposed to DNA tethered to MN from 5', 3', and 
no (control for free DNA) biotin tags Panels E, F, and G are shown here. 

Figure 5. Recovery and PCR of DNA tethered to magnetic nanoparticles. 
Agarose gel showing the PCR products of DNA tethered magnetic nanoparticles 
isolated from within cells. Lane A. 1kb marker; B. 5' tethered; C. 3' tethered; D. 
no tether; and E. positive control. 

Figure 6. Magnetic nanoparticle delivery of genes in vivo. Fluorescent 
micrographs of 5 micron cryosectioned liver from rats injected intrahepatically 
with nanoparticles tethered to EGFP encoding DNA and coated with lipid. These 
sections were counterstained with DAPI. Green highlights indicate cells 
expressing GFP from nanoparticles. 
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Figure 1. Conjugation of DNA to MN. Agarose gel of DNA and nanoparticles. Lanes A, C, 
and E contain only the PCR product (2.). Lanes B, D and F contain nanoparticles incubated 
with the PCR fragments. Lanes A to D contain biotin tags. Lanes E and F contain no biotin 
tag. Black squares indicate where high molecular weight or uncharged DNA runs (1). 
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Figure 2. Purification of DNA tethered MN. Lanes A to C represent only DNA fragments. Lanes D 
to F contain the MN/DNA mixture. After washing, a portion of the MN mixtures were also run on 
this gel (Lanes G to I). The right panel is a magnified image of the box around Lanes F to I. 
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Figure 3. Expression levels of GFP from DNA tethered MN. In vitro gene expression levels are 
shown as the % of Lipofectarnine transfected EGFP DNA (GFP+LA). Biotin tagged DNA was 
also transfected into cells (Biot GFP). Cells transfected with DNA bound nanoparticles are 
labeled BIOT+MAG. All samples were incubated with (LA) or without Lipofectarnine 2000 
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Figure 5. Recovery and PCR of DNA tethered to magnetic nanoparticles. Agarose gel showing 
the PCR products of DNA tethered magnetic nanoparticles isolated from within cells. Lane A. 1kb 
marker; B. 5' tethered; C. 3' tethered; D. no tether; and E. positive control. 
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Figure 6; Magnetic nanoparticle 
delivery of genes in vivo. Fluorescent 
micrographs of 5 micron cryosectioned 
liver from rats injected intra hepatically 
with nanoparticles tethered to EGFP 
encoding DNA and coated with lipid. 
These sections were counterstained 
with DAPI. Green highlights indicate 
cells expressing GFP from 
nanoparticles. 
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Various basics of the invention have been explained herein. The various techniques and 
devices disclosed represent a portion of that which those skilled in the art would readily 
understand from the teachings of this application. Details for the implementation thereof can be 
added by those with ordinary skill in the art. Such details may be added to the disclosure in 
another application based on this provisional application and it is believed that the inclusion of 
such details does not add new subject matter to the application. The accompanying figures may 
contain additional information not specifically discussed in the text and such information may be 
described in a later application without adding new subject matter. Additionally, various 
combinations and permutations of all elements or applications can be created and presented. All 
can be done to optimize performance in a specific application. 

The various steps described herein can be combined with other steps, can occur in a 
variety of sequences unless otherwise specifically limited, various steps can be interlineated with 
the stated steps, and the stated steps can be split into multiple steps. Unless the context requires 
otherwise, the word "comprise" or variations such as "comprises" or "comprising", should be 
understood to imply the inclusion of at least the stated element or step or group of elements or 
steps or equivalents thereof, and not the exclusion of any other element or step or group of 
elements or steps or equivalents thereof. 

Further, any documents to which reference is made in the application for this patent as 
well as all references listed in any list of references filed with the application are hereby 
incorporated by reference. However, to the extent statements might be considered inconsistent 
with the patenting of this invention such statements are expressly not to be considered as made 
by the applicant(s). 



Also, any directions such as "top," "bottom," "left," "right," "upper," "lower," and other 
directions and orientations are described herein for clarity in reference to the figures and are not 
to be limiting of an actual device, system, or process or implementation of the device, system, or 
process. 
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ABSTRACT 

The present invention provides method, apparatus, and system to produce multifunctional 
and multi-step nanopaiticle systems that follow a predictable and well defined sequence of 
events ("molecular programming") as laid out by a molecular chain of events. These events 
5 include, but are not limited to, events such as initial cell targeting, facilitation of cell entry, 
intracellular re-targeting, intracellular anchoring to the site of drug/gene delivery, drug or gene 
delivery, and controlled delivery of the drugs or genes within single cells through feedback loops 
facilitated by molecular biosensors and other molecules. 
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ABSTRACT: 

To date, experiments with nanoparticle based gene delivery has only been 
possible in laboratories with considerable experience in the area of nanoparticle 
construction. We report a simple and cheap alternative to custom constructed 
nanoparticles for use in biological systems. Additionally, we show that magnetic 
nanoparticles can not only be used to deliver genes, but also that those same 
genes can be recovered from cells after expression for several days. We 
describe in detail the construction of layered nanoparticles that can be 
accomplished in minutes using commercially available components. Testing the 
nanoparticles for DNA bioconjugation is also discussed. These particles were 
able to deliver genes to a human hepatoma cell line, Huh-7. It was found that 
tethering orientation was relevant to gene expression. Several days after 
exposure to nanoparticles, the nanoparticle tethered genes could be recovered 
and amplified from populations. These data highlight the stability and biological 
usefulness of the DNA tethered to these nanoparticles. Finally, DNA tethered 
magnetic nanoparticles were capable of transfecting tethered genes in vivo. 
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